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Abstract : An Neutrino Factory based on a high-energy muon storage-ring is proposed to
study neutrino oscillation with high precision. An emittance reduction of muon beam by ionization
cooling, which has never been demonstrated in practice, is one of the critical issues for Neutrino
Factory. The international Muon Ionisation Cooling Experiment (MICE) is the first experiment to
verify an effect of the ionization cooling with muons. MICE will measure a change in transverse
emittance of approximately 10% with a precision of +0.1%.

In order to meet the requirements, muon trackers based on 350 pm diameter scintillating fibers
have been proposed. The construction of such trackers is a very challenging task and some inno-
vative techniques are needed to realize, since there have been no trackers made with such a small
diameter of scintillating fibers in the world. Upstream and downstream SciFi trackers have been
successfully constructed with the international collaboration of UK, US and Japan by 2008. Both
of the trackers have been tested with cosmic-rays at the RAL by 2009, at which high tracking
efficiencies more than 90 % are measured for both trackers. It is also confirmed that by collecting
the misalignments found in both of the trackers, the requirements for the emittance measurement
is met.



ii



Contents

Physics Motivations for Neutrino Factory

1.1 Neutrino Oscillation Physics . . . . . . . . . . . . o
1.1.1 Neutrino Oscillation . . . . . . . . .. ... .
1.1.2 Forthcoming measurements of the oscillation parameters . . . . . . . ... ..

1.2 Neutrino Factory Concept . . . . . . . . . . . .
1.2.1 Neutrino oscillation measurements at a Neutrino Factory . . . ... ... ..
1.2.2 High-intensity neutrino deep inelastic scattering . . . .. .. ... ... ...
1.2.3 Non-neutrino science at a Neutrino Factory . . . . .. ... ... .. ... ..
1.2.4 Neutrino Factory accelerator complex . . . . .. .. ... ... ... .....

Principle of Ionization Cooling

2.1 Tonmization cooling . . . . . . . . . .. L

2.2 Cooling channel design . . . . . . . . . . .. L

The International Muon Ionization Cooling Experiment (MICE)

3.1 Layout of the experiment . . . . . . . . .. ...
3.2 Beam dynamics and quantities to be measured . . . . ... ... 0oL
3.3 Measurement technique . . . . . . . . . .. .. e
3.4 Tracker . . . . . e e e
3.4.1 Requirements . . . . . .. . L L
342 Layout . . . . . . .
3.4.3 Readout electronics . . . . . . . ... L
3.4.4 TPG for the Optional Tracker . . . . . . . . .. ... ... ... ... ...,
3.5 DAQ and slow control . . . . . . . . . L
3.5.1 DATE . . . . .
3.5.2 EPICS . . . . . e
3.6 MICE time development of apparatus . . . . . . . .. .. ... ... .........
Overview of the MICE Scintillating Fiber Tracker
4.1 OVErvIEW . . . . o e e
4.1.1 Requirements . . . . . . . .. L
4.1.2 Keychallenges . . . . . . . . . . e
4.2 SciFi tracker system . . . .. Lo Lo o
4.2.1 Layout of thesystem . . . . . . . .. .. ...
4.2.2 SciFitracker . . . . . ..
4.2.2.1 SciFiribbon . . . .. ...

iii

11
11
12

15
16
18
23
23
23
24
24
25
25
25
25



iv CONTENTS
4.2.2.2 SciFistation . . . ... .. . o 28
4.2.2.3 Station support frame . . . .. .. ..o oo o o 28
4.2.3 Light-guide . . . . . . . . . e 30
4.2.3.1 Internal light-guide . . . . .. .. ... . . . 30
4.2.3.2 External light-guide . . . . . . .. .. .. o o L. 32
4.2.3.3 Patchpanel. .. ... ... ... ... . ... .. 32
4.2.4 Photon detecting system . . . . . . ... oL oL L 32
4.2.4.1 VLPC . . . . . e 32
4242 VLPCcassette . . . . . . . . . . .. 34
4.2.4.3 VLPC cryostat with cryocooler . . . . . . .. .. ... ... ..... 35
4.3 Tracker Readout . . . . . . . . . . . . . e 36
4.3.1 Trigger logic . . . . . . . . L 36
4.3.2 Electronics . . . . . . . . e e 37
4.3.2.1 AFEIIt board . . . . .. . .. . .. .. ... 37
4.3.2.2 VLSBslaveboard . . .. . .. ... ... ... ... ... ..., 37
4.3.2.3 DG2020/VLSB master board . . . . . ... ... ... 38
4.3.2.4 MIL-1553 board . . . . . . . . . ... 38
4.3.3 Tracker DAQ . . . . . . . e 38
4.3.4 Tracker slow control . . . . . . . . . .. . ... 38
5 SciFi Tracker Prototype 41
5.1 Mechanical design for prototype . . . . . . . . . .. 41
5.1.1 SciFistation . . . . . . . . . . . . e 41
5.1.2 Optical connector . . . . . . . ... 41
5.1.3 Scintillating fiber . . . . . . ... 42
5.1.4 Light-guide . . . . . . . . . e 43
5.2 Attenuation length measurement . . . . . . . . ... ... L. 43
5.2.1 Scintillating fiber . . . . . . ... 43
5.2.2 Clearfiber. . . . . . . . 44
5.3 Cosmic-ray test at FNAL . . . . . . . . . 44
5.3.1  Setup . . .. e 44
5.3.1.1 Prototype tracker . . . . . .. ... o 44
5.3.1.2 Light-guide . . . . . . . . ... 48
5.3.1.3 VLPCecryostat . . . . . . . . . .. 48
5.3.1.4 Trigger counter . . . . . . .. ... L e 48
5.3.2 Read-out . . . . . .. e 48
5.3.2.1  Trigger logic . . . . . . .. 48
5.3.2.2 Electronics . . . . . .. 48
5.3.2.3 DAQandslowcontrol . . . . . ... ... ... .. ... ... ... 48
5.3.3 Light-yield measured with different kinds of concentrations of 3HF . . . . . . 49
5.4 Beam test at KEK . . . . . . .. . 49
541 Setup . . ... e e e 50
5.4.1.1 Trigger counter . . . . . . . . . . ... 50
5.4.1.2 Cherenvkov counter . . . . . . . . . . . . 50
5.4.1.3 TOF hodoscope . . . . . . . . . . . . e 50

5.4.1.4 Beam defining counter . . . . . . .. ... ... 51



CONTENTS v

5.4.2  Spectrometer . . . . . .. e 51
5.4.2.1 Superconducting magnet . . . . . .. ... 51

5.4.2.2 Prototype tracker . . . . .. ..o Lo oL 51

5.4.2.3 VLPC cassette with cryocooler . . . . . . . . ... ... ... .. 53

5.4.3 Read-out . . . . . .. e 53
5.4.3.1 Trigger logic . . . . . . .. 53

5.4.3.2 Electronics for tracker . . . . . ... 54

5.4.3.3 Electronics for beam monitors . . . . .. ... L 56

5.4.3.4 DAQand slow control . . . . . . . . ... ... ... ... 56

5.4.4 Track reconstruction . . . . . . . . ..o 56
5.4.4.1 Helical tracking . . . . .. .. ... 56

5.4.4.2 Reconstructed momentum distribution . . . . ... ... ... ... 57

6 SciFi Tracker Production 59
6.1 SciFistations . . . . . . . L 59
6.1.1 Fabrication . . . . . . . . e 59
6.1.1.1 Bundling/Connecting . . . . . . . ... ... ... L 59

6.1.1.2  Gluing/Polishing . . . . . . . . ... ... 59

6.1.2 Quality assurance . . . . . . . . ... e 64
6.1.2.1 Ensuring of bundling/connecting with a LED-CCD system . . . . . 64

6.1.2.2  Light-yield measurement with a ®’Co radio-active source . . . . . . 64

6.2 Light-guides . . . . . . . . . L 70
6.2.1 Fabrication . . . . . . . . ... e 70
6.2.1.1 Good-fiber selection . . . . . . .. ... oo 76

6.2.1.2 Assembling . . . . . ... 76

6.2.1.3 Gluing . . . . .. e 7

6.2.1.4 Polishing . . . . . . . . . 7

6.2.2 Quality assurance . . . . . . ... Lo 77
6.2.2.1 Transmittance measurement with a LED-CCD system . . . . . . . . 77

6.2.2.2  Ensuring of channel assignment . . . .. .. ... ... ....... 79

6.3 Tracker assembling and installation . . . . . . . . .. ... ... 0oL, 79
7 Study of Performance of SciFi Trackers 83
7.1 Setup of cosmic-ray test . . . . . . . .. 83
7.2 Tracker read-out . . . . . . . ... 83
7.2.1 Electronics . . . . . . . . . e e e 88
7.2.2 Trigger logic . . . . . . . 89
7.2.2.1 Timing adjustment . . . . . . . ..o 89

7.2.3 Tracker slow control . . . . . . . . .. L 90
7.2.4 Tracker DAQ . . . . . . . e 94

7.3 Datataking . . . . . . .. 96
7.4 Data analysis . . . . . . . . e 96
7.4.1 Decoding . . . . . . . e 96
7.4.2 Calculating light-yield . . . . . .. ... .o 99
7.4.3 Converting VLPC channel number to fiber number . . . . . . . .. ... ... 99

74.4 Finding hits . . . . . . . . 99



vi

7.4.5
7.4.6

7.5.1

7.5.2
7.6 Discuss

8 Discussion

8.1 Effects on misalignments
8.2 Status and schedule of MICE SciFi Tracker

9 Conclusion

Finding triplets

Correcting misalignments
7.4.6.1 Correcting misalignments of views
7.4.6.2 Correcting misalignments of stations
7.5 Performance
Alignment . . . . ... ... ... ..
7.5.1.1 Residuals expected by Monte-Carlo simulation
7.5.1.2 Residuals measured by cosmic-ray data
Efficiency . ... ... ... ... ..
10 &

Acknowledgement

CONTENTS



Chapter 1

Physics Motivations for Neutrino
Factory

1.1 Neutrino Oscillation Physics

1.1.1 Neutrino Oscillation

It is now well established, from the observation of neutrino oscillations, that neutrinos have mass
and mix. Taken together with the present limits on the absolute neutrino mass scale the results
indicate that neutrinos are much lighter than all the other fundamental fermions [94], while the
values of the mixing angles are also very different from those of the quarks. These facts are difficult
to understand in the context of the Standard Model, and it is quite possible that the mechanism
that generates neutrino masses and mixing angles may be different to that which generates those of
the other fermions [81]. The answer to this puzzle could possibly be found in grand unified theories,
which provide a unified description of quarks and leptons at a very high energy scale and could
make predictions for the parameters that describe neutrino oscillations. Precise measurements of
the oscillation parameters can be used, therefore, to test the ideas of unification, and will perhaps
lead to a deeper understanding of the nature of quark and lepton flavour.

The observation of neutrino oscillations also has far-reaching implications in astrophysics and
cosmology. The small, but non-zero, neutrino mass may mean that neutrinos contribute as much
mass to the universe as all the visible stars [122]. Moreover, the recent KamLAND result strongly
indicates that leptonic CP violation will be observable in neutrino oscillations, possibly leading to
an understanding of the observed matter-antimatter asymmetry in the universe. The best, and
possibly the only, machine that will allow this discovery is a Neutrino Factory.

None of these fundamental questions can find answers in the physics programme of either LHC
or an ete™ collider, to which a Neutrino Factory would therefore be completely complementary.

Present results on neutrino oscillations can be readily understood if neutrinos have mass and
there is mixing among the three known neutrino flavours; the three neutrino mass-eigenstates
(v1, v, v3) are different from the three light-neutrino flavour-eigenstates (ve, v, v7) [81], and related
to them by the neutrino mixing matrix:

This chapter is cited from Section 1.2 of the Proposal to the Rutherford Appleton Laboratory[1]
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2 CHAPTER 1. PHYSICS MOTIVATIONS FOR NEUTRINO FACTORY

The neutrino mixing matrix (LMA)

W
A =3 107y
tl;l Am? =3 105- L5104 eV?
v OR?
\\::l | A, =3 10-7- 1.5 10 e¥?
1 Am? =3 10-eV?
8 . (atmospheric) = 45", 8, (solar) = 307, 8,, (Chooz) < 13" v

Figure 1.1: a) Rotation of the neutrino mass-eigenstates vy, 2 and v3 into the flavour eigenstates
Ve,V and v; implied by equation 1.1. The definitions of the Euler angles 612,013 and b3 are
indicated. b) Neutrino mass spectra allowed by the present data. Am?2, is the mass-squared
difference that relates to the solar neutrino data, Am3; the one that relates to the atmospheric
neutrino data.

—1d

C192 S12 0 C13 0 e 513 1 0 0
U= —S12 C12 0 0 1 0 0 C23 593 (1.1)
0 0 1 —671’6813 0 c13 0 —s23 cCo3

The correspondence between the mass eigenstates and the weak eigenstates and the mixing
angles that arise in equation (1.1) are depicted in Figure 1.1.a. For three-neutrino flavour oscilla-
tions, there are six parameters: the three mixing angles shown in Figure 1.1a, a CP-violating phase
parameter, §, and two mass-squared differences, Am?2, and Am3;, where Am?j =m?— m? Figure
1.1b shows schematically the two alternatives for the neutrino mass spectrum that are allowed by
the present data. Atmospheric neutrino measurements indicate that |Am3;| = 2 x 1073eV? while
solar and reactor neutrino measurements indicate that Am?, = 5 x 107%eV2. The atmospheric
neutrino experiments indicate that 23 is nearly 45°(maximal mixing), while solar neutrino exper-
iments require 612 in the range of 25-40°. Reactor experiments indicate that 63 is smaller than
about 10°.

1.1.2 Forthcoming measurements of the oscillation parameters

The next few years should produce major improvements in the knowledge of the neutrino oscillation
parameters. Further results from SNO and KamLAND are expected soon. The combination of these
measurements should, in particular, refine the knowledge of the small mass difference Am?2,. In
addition, several new experiments, SIREN, LENS and HELLAZ, have been proposed to measure the
pp solar neutrino spectrum [113, 71, 46]. These experiments should further improve the accuracy
with which the solar parameters can be determined.

Over the next ten years, long baseline experiments such as K2K (which has already reported
results from its first two years of running), MINOS and the CERN to Gran Sasso (CNGS) exper-
iments will report results [67, 12, 51]. These experiments are expected to confirm the neutrino
oscillation interpretation of the Super-Kamiokande atmospheric neutrino results and determine the
parameters 63 and Am3, with an accuracy of about 10%. MINOS and ICARUS will also be sen-



1.2. NEUTRINO FACTORY CONCEPT 3

sitive to sin?(2623) values as low as 0.04. In addition to these long baseline experiments there is a
proposal to build an off-axis neutrino beam line at the recently approved Japanese Proton Acceler-
ator Research Complex (J-PARC [60]) to illuminate the Super-Kamiokande detector. Discussions
have also begun on building such a high-flux beam line using the NuMI beam line at Fermilab
[90]. In addition, it is proposed to use the proton driver for an eventual CERN Neutrino Factory,
the superconducting proton linac (SPL), initially to provide a low energy super neutrino beam,
pointing at the International Frejus Laboratory in the Alps [24]. This would form the first stage
of a CERN-based Neutrino Factory complex. These super neutrino beam experiments are likely to
bring an improvement of about a factor of 5-20 on the 613 sensitivity that will be achieved by the
MINOS experiment. Such superbeam projects are natural stepping-stones to a Neutrino Factory.

Despite all the improvements in the knowledge of the neutrino parameters that these future
experiments will bring, much will remain unresolved. In particular:

1. It will be necessary to determine whether three-flavour mixing is the correct framework or
whether sterile neutrinos, neutrino decay or CPT violation also contribute;

2. sin?(2613) will still be poorly determined (or perhaps unmeasured);
3. the CP violating phase delta will be unmeasured;

4. the sign of the 23 mass splitting -sign(Am3,)-is unlikely to be known.

1.2 Neutrino Factory Concept

1.2.1 Neutrino oscillation measurements at a Neutrino Factory

Physics with the Neutrino Factory has been discussed in several articles [89] and at the Neutrino
Factory (NuFact) workshops that have taken place annually since 1999. It is the subject of active
investigations by study groups in Europe, Japan, and the US, and during the forthcoming workshops
of the NuFact series.

The primary objective of physics at the Neutrino Factory will be the precise measurement of
the elements of the neutrino mixing matrix. A neutrino beam derived from the decay of an intense
stored-muon beam is the optimum tool for this purpose because it offers substantial advantages
over conventional neutrino beam:

1. The energy spectrum of the neutrino beam may be calculated precisely given the muon-beam
energy, divergence and polarization.

2. The flavour composition of the neutrino beam is precisely known. Furthermore, the lepton
numbers of the neutrino flavours that make up the beam are opposite, so that there is no
'pollution’ of the oscillation signals.

3. The neutrino beam is unique in that it contains high-energy electron neutrinos. Not only
will this allow the v. — v, oscilalitons to be tagged using an experimentally clean 'wrong-
sign” muon tag, but, since the beam energy will be above the tau-production threshold, the
important oscillation channel v, — v, can be studied. The ability to study v, — v; oscillation
is unique to the Neutrino Factory.

4. Changing the polarity of the stored muon beam yields a charge-conjugate neutrino beam.
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5. In the immediate vicinity of the muon storage ring, the neutrino beams are very small and
extremely intense.

The Neutrino Factory data set will be diverse, yielding six distinct sub-samples containing
events tagged by the appearance of: (i) a right-sign muon; (ii) a wrong-sign muon; (iii) an e*
or an e; (iv) a 7F; (v) a 77 or (vi) the absence of a lepton. Measurements can be made with
pu and then with = stored in the ring. The most important event samples are those tagged by
wrong-sign muons, which provide evidence for oscillations between electron neutrinos and muon
neutrinos. For this signal the background rates at a Neutrino Factory are very low, about two
orders of magnitude lower than the corresponding rates using conventional neutrino beams. This
results in an improvement in experimental sensitivity of about two orders of magnitude. In addition,
since the Neutrino Factory will provide intense high-energy beams, oscillation baselines can be very
long (thousands of km). The muon storage ring can serve two experiments located at significantly
different long baselines.

The major physics measurements that will be made with this wealth of data are:

1. Precise determination of Am3; and of the mixing angle fa3;
2. Measurement of the small mixing angle 613 with a precision of better than half a degree;

3. Observation of the matter effects incurred by electron neutrinos in their passage through the
earth. The resulting asymmetry between the rates for v, — v; and v, — 7, will allow a
decisive determination of the sign of Am3s;

4. The search for leptonic CP violation through the precise measurement of the v, — v, and
v, — v, rate asymmetry as a function of energy and baseline.

The superiority of the Neutrino Factory compared with conventional sources of neutrino beams
will be demonstrated by considering the determination of sin?(26;3) and the CP violating phase,
0.

The calculated sin?(26;3) sensitivities (90% CL) of various long baseline neutrino facilities have
been estimated in e.g. [72] and are shown in Figurel.2. The sensitivity of a Neutrino Factory
is compared with that of the J-PARC-SuperKamiokande project, a higher-energy off-axis project
(NUMI off axis), a future high-intensity J-PARC neutrino beam illuminating a megaton water
Cherenkov detector (HyperKamiokande) and an ’entry level” Neutrino Factory (one without cool-
ing) of modest intensity. The leftmost ends of the bars indicate the purely statistical sensitivity
and demonstrate the analysis power of a Neutrino Factory. Note that the sizes of the systematic
errors (indicated by the dark-shaded regions) are well matched to the statistical sensitivities. The
Neutrino Factory performance is about two orders of magnitude better than that of either the J-
PARC-Super-Kamiokande or the NuMi project and about one order of magnitude better than the
sensitivity expected if the J-PARC neutrino beam is used to illuminate Hyper-Kamiokande. The
range of values of sin?(263) allowed by the date increased when correlations with other oscillation
parameters are taken into account or the analysis is performed allowing multiple solutions to re-
main [72]. This limits the Neutrino Factory sin?(2613) sensitivity to O(10~3). However, the effect
of correlations and degeneracies can be addressed by combining the results of different, complemen-
tary, experiments [28], or by using the complementary v, — v, transitions [36]. The full sensitivity
of a few times 107° can be recovered in such analyses. Hence, Neutrino Factories can achieve
sensitivities that are about two orders of magnitude better than can be achieved with conventional
high-intensive neutrino beams (’superbeams’).
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Sensitivityto sin’ 2643
I Systematic | '
f Correlation ‘ JHF-SK
Degeneracy .
’" NuMI
. J-PARC—HK
I NuFact-I
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Figure 1.2: Sensitivity of ’entry-level’” and high-performance Neutrino Factory (NuFact I and II
respectively) sin?(26;3) compared with that of other proposed facilities. For the Neutrino Factory
scenarios a single baseline of 3000 km, 10* (NuFact I) or 2.6 x 10%° (NuFact IT) muon decays
per year at a muon beam energy of 50 GeV are assumed. The correlations and multiple solutions
can be addressed at a Neutrino Factory by combining data with those from previous results or by
combining complementary measurements.
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If present, CP violation (CPV) and matter effects will modify the measured v, — v, oscillation
probabilities. These modifications are different for neutrinos and antineutrinos. The predicted ratio
of event rates N(ve — ;)/N(ve — v,) at a Neutrino Factory experiment with equal u™ and p~
running is shown as a function of baseline in Figurel.3. With no CPV and no matter effect (L = 0)
the ratio is 0.5, reflecting the different neutrino and antineutrino cross sections. As L increases
the ratio is enhanced (suppressed) by matter effects if the sign of Am2, is negative (positive).
At sufficiently long baselines the matter effects are much larger than effects due to possible CPV
(indicated by the bands in the figure). The sign of Am3, and the CP phase delta can therefore
be determined by precise measurements of N (v — v;)/N(ve — v,). However, in this analysis the
values of |[Am2,|, Am3,, and sin(26;3) have been fixed. A fit to determine all these parameters
including the effects of correlations and ambiguities show that the Neutrino Factory sensitivity
exceeds that of the superbeam projects by ~ 1-2 orders of magnitude.

If the LSND oscillation result is confirmed, the simple three-flavour mixing framework will need
to be modified to include, for example, additional light neutrinos that are sterile and/or CPT
violation. Some information on v, < v, and 7, < U, oscillations will already be available. It
seems likely that there will be a premium on searching for and measuring v, — v, oscillations, a
programme unique to the Neutrino Factory. It has been shown [20] that there are viable regions of
four-neutrino mixing parameter space in which both CPV and thousands of v, — v, events could
be seen at a Neutrino Factory delivering only O(10'®) decays/yr.

1.2.2 High-intensity neutrino deep inelastic scattering

There is a long and rich history of neutrino deep inelastic scattering (DIS) experiments, and struc-
ture function measurements from the current generation of experiments are routinely used in 'global
fits’ for parton distribution functions, sum-rule tests, g determinations etc. However, precision
neutrino DIS physics is more difficult: with neutrino beams from pion decay, large, dense nuclear
targets are required (giving unknown heavy-target effects), the energy spectrum of the neutrino
beams is relatively poorly determined, and there is an imbalance in the flux of neutrinos and
antineutrinos.

At a Neutrino Factory, neutrino DIS would become a high-precision science [6, 74]. O(10%%) p-
decays/year would deliver high-intensity, collimated neutrino and anti-neutrino beams. Even with
the compact liquid hydrogen and deuterium targets, the expected event rates would be typically an
order of magnitude more than is available from current experiments. The spread in accurately de-
termined (neutrino) beam energies would allow the different structure functions to be disentangled
and thus a complete flavour decomposition of the nucleon structure to be performed [19]. The pre-
cise determination of the strong coupling constant, cg, will be possible from the scaling violations
of the structure functions. The 'TEMC effect’ can be studied using a combination of heavy and light
nuclear targets. The ability to tag charm in the final state would allow the CKM matrix elements
|Veq| and |Ves| to be measured with a precision comparable to the present precision on |V,| using
processes such as (d, s) + W+ — c¢. A measurement of D°D° mixing could also be made. Finally,
with polarized targets, a new realm of high-precision spin physics would open up. The high event
rate would allow the determination of the individual flavour components with accuracies of a few
percent.

In addition to precision QCD measurements, the electroweak sector of the Standard Model can
also be tested at a Neutrino Factory. Particularly important is the extraction of sin?(6,,) from
ve and v, cross sections. For the former, the most accurate current measurements come from the



1.2. NEUTRINO FACTORY CONCEPT

Figure 1.3: Predicted ratios of wrong-sign muon event rates when p* and p~ are stored in a 20
GeV Neutrino Factory, shown versus baseline. The two bands correspond to the two signs of Amgg.
The width of the bands show the variation as the CP phase ¢ changes from —3F to +5. The thick
correspond to a Neutrino Factory providing 102! muon

lines are for 6 = 0. The statistical errors
decays with a 50 kt detector.
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NuTeV experiment. Studies suggest that the current (NuTeV) error of Asin?(6,,) =~ 0.002 could
be improved by about a factor of 20 at a future Neutrino Factory, with corresponding implications
for indirect determinations of the Higgs mass, etc.

Finally, it is important to assess the existing state of knowledge of proton structure at the time
when the Neutrino Factory measurements will be made. The HERA e*p collide can access a similar
range of information from charged current and neutral current cross sections, over a similar range of
the Bjorken scaling-variable, z, but typically at much higher four-momentum-transfer squared, Q2.
The advantages of the Neutrino Factory are: (i) much higher statistics; (ii) target type flexibility;
(iii) target polarization. The two machines are clearly complementary in terms of the various types
of structure functions that can be measured and the x, Q% range that can be covered.

1.2.3 Non-neutrino science at a Neutrino Factory

The Neutrino Factory can be used to produce intense beams of muons with momenta of a few
hundred MeV/c or less and a variety of time structures [16]. These can be used for ’slow-muon’
physics studies and will have a flux that will exceed any existing or proposed by slow muon sources
by 3-4 orders of magnitude (for the breadth of physics opportunities provided by slow muon sources
see, for example, the reviews [25, 32, 35]). This large flux of stopped muons will allow exquisitely
sensitive searches for rare muon decays to be carried out, providing stringent tests of the consis-
tency of the Standard Model. In addition, precise determinations of the muon magnetic moment,
high statistics studies of muonium and precise measurement of the muon lifetime will allow many
parameters of the Standard Model to be determined with unprecedented precision, thus allowing
sensitive searches for physics beyond the Standard Model.

Slow muon beams are also of great importance in the study of the atomic and molecular prop-
erties of matter. The current intensity of the muon sources available for condensed matter physics
research is rather low (typically ~ 10* to ~ 10° muons per second) at ISIS (RAL) and PSI (Switzer-
land) for experiments measuring time-dependence, although ~ 10%s~! is available at PSI in the
most intense beam. The provision of a high intensity muon beam via the Neutrino Factory will
allow:

e the study of problems in surface magnetism, polymer and liquid crystal films;
e the study of small samples and time dependent phenomena;

e the elucidation of dynamical effects through the use of high magnetic field level-crossing
resonance.

1.2.4 Neutrino Factory accelerator complex

As the neutrino beams at a Neutrino Factory will produced from the decay of muons circulating
in a storage ring, the primary aim of the accelerator complex is to store as high a muon intensity
as possible. This will be achieved using a high power proton source to create intense bunches of
protons which are fired into a target. As many of the pions created in this collisions as possible will
be captured and transported along a decay channel, where they will decay to muons. The resulting
muon beam will have a large size and a large spread in longitudinal and transverse momentum, i.e.,
a large emittance, which must be reduced to avoid a large fraction of the muons being lost during
acceleration and subsequent injection into the storage ring. The reduction of the momentum spread
and transverse emittance takes place in two stages, called respectively phase rotation and cooling.
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The muons are then accelerated to a final working energy in a series of accelerators, before being
injected into the storage ring.

A number of different designs exist for the Neutrino Factory. Although there are substantial
differences between them, each design consists of the same basic components Figure 1.4 shows
how these components are laid out in the CERN design. A proton driver produces the very high
proton-beam-power (4MW) necessary to achieve the neutrino intensity required for the neutrino
oscillation studies. To minimize the longitudinal emittance of the initial muon beam, the proton
bunches must be no more than a few nanoseconds long.

Due to the high beam-power and small size, the power density in the target far exceeds that of
any comparable facility. Building a target that can withstand the mechanical and thermal stresses
that such a beam will create is a major challenge and is the subject of an active R&D programme.
Three different mechanisms have been suggested for focusing and capturing the pions produced
in the target: a 20 T combined superconducting and warm magnet system, a magnetic horn or a
wide-aperture bending magnet.

Once captured, the pions decay to produce muons in a decay channel that is 30-40 m long. To
attain the highest muon flux, this channel must have large acceptance for the pions, which implies
a combination of wide aperture and strong magnetic field. The most likely way to satisfy these
requirements is to use solenoidal magnets, rather than the magnetic quadrupoles that are usually
employed for such purposes.

The large momentum spread of the decay muons will be reduced using phase rotation in which
early (high energy) particles are de-accelerated and late (low energy) particles are accelerated using,
for example, a system of RF cavities. The muons can then be captured into RF bunches, and the
transverse emittance reduced using an ionization cooling channel. Ionization cooling is discussed in
detail in Chapter 3, but to summarize: the muons are passed through a material, called an absorber,
where they lose both longitudinal and transverse momentum. The lost longitudinal momentum is
restored using RF cavities following the absorber. The result of this process is a net reduction in
transverse momentum spread. However, as well as the cooling coming from the energy loss, there
is also heating coming from multiple scattering and the net cooling is a delicate balance between
these two effects.

The muons are accelerated to the final working energy, e.g., 20 or 50 GeV, using a series of linear
accelerators and re-circulating linear accelerators. In the latter, the beam is accelerated through
the same RF cavities a number of times, getting the same acceleration in each pass.

Once at the working energy, the muons are injected into the storage ring. It is desirable that
the ring satisfy two main requirements. First, as much of the ring as possible should be in the
form of straight sections since the decay of the high-energy muons will produce intense neutrino
beams primarily in the directions in which these are pointing. Second, the straight sections should
point at two or more experiments in different underground laboratories. As shown in Figure 1.4,
the favored method of doing this is to make the storage ring a ’triangular’ shape.

This thesis is organized as follows. Brief introduction of the ionization cooling is made in
Chapter 2. Once explaining the MICE experiment in Chapter 3, the overview of SciFi tracker is
described in Chapter 4. The design of the prototype tracker is explained as well as the cosmic-ray
and beam tests used with the prototypes in Chapter 5. In Chapter 6, the production of SciFi
tracker is described together with quality assurances applied in the construction. The performance
of the SciFi trackers tested with cosmic-rays is described in Chapter 7. Finally, the effects of the
misalignment found at the trackers to the emittance measurement are discussed in Chapter 8.
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Chapter 2

Principle of Ionization Cooling

2.1 Ionization cooling

The physics performance of a Neutrino Factory is based not only on the clean composition and
precisely known flux of the neutrino beam, but also and importantly on the available intensity. The
use of ionization cooling increases the density of muons within the volume of phase-space that can
be accelerated [57] and improves the performance of the Neutrino Factory by a factor that ranges
from 4 to 10 depending on the design [118, 52]. Although it saves considerably on the cost of the
accelerating devices, cooling as is presently envisaged is itself expensive, representing as much as
20% of the Neutrino Factory cost, estimated from US StudyII [118].

As noted in Section 1, cooling of the transverse phase-space coordinates of a muon beam can be
accomplished by passing the beam through energy-absorbing material and accelerating structures,
both embedded within a focusing magnetic lattice; this is known as ionization cooling [114, 84].
Other cooling techniques (electron, stochastic, and laser cooling) are far too slow to yield a sig-
nificant degree of phase-space compression within the muon lifetime. Ionization of the absorbing
material by the muons decreases the muon momentum while (to first order) not affecting the beam
size; at the same time, multiple Coulomb scattering of the muons in the absorber increases the
beam divergence, heating the beam.

Cooling is discussed quantitatively in terms of emittance ¢, defined as the volume occupied by
a beam in phase space. This can be expressed as ¢ = v/D, where D is the determinant of the 6-
dimensional covariance matrix of the beam particles in the 6D coordinates (z,y, t, dx/dz, dy/dz, cdt/dz).
Normalized emittance €, is obtained by using the coordinates (z, y, t, p/mec.dz/dz, p/mec.dy/dz,
p/m.dt/dz). The same calculation performed in the 4D space of spatial coordinates yield the
transverse 4D emittance. The transverse emittance is defined as the emittance in one 2D plane
(xz,dx/dz); in a solenoid channel, the cylindrical symmetry argues for this to be calculated as the
square-root of the transverse 4D emittance. The longitudinal emittance is defined similarly in the
time-energy dimensions.

Within an absorber, normalized transverse emittance €, behaves approximately as [85]

den 1 ,dE, e, 1 1(0.014)%

ds _62< is |, 33 2E,m,Xo’

(2.1)

This chapter is cited from Chapter 2 of the Proposal to the Rutherford Appleton Laboratory[1]
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where s is path length, angle brackets denote mean value, muon energy £, is in GeV, Xj is
the radiation length of the absorber medium in m, 3, is the optical beta-function in the magnetic
channel in m, and 3 is the particle velocity. This expression is appropriate to the cylindrically-
symmetric case of solenoid focusing, where 3, = 8, = 3,. The first term in this equation is the
cooling term and the second is the heating term.

To minimize the heating term, which is proportional to 3, and inversely proportional to radia-
tion length, it has been proposed [9] to use liquid hydrogen as the energy-absorbing medium, with
dE/ds = 30 MeV/m and Xy = 8.7 m, and to use superconducting solenoid focusing to give a small
value of 3, ~ 10 cm, rather than quadrupoles; this corresponds to large beam divergence at the
location of the absorbers, so that scattering in the absorbers gives a relatively small contribution
to the emittance. Key issues in absorber R&D include coping with the large heat deposition by RF
dark currents and the intense (10'* muons per second) muon beam of the Neutrino Factory, while
minimizing scattering in absorber-vessel windows, which are by necessity of higher-Z material.

An additional technical requirement is high-gradient re-acceleration of the muons between ab-
sorbers to replace the lost energy, so that the ionization-cooling process can be repeated many
times. Ideally, the acceleration should exceed the minimum required for momentum replacement,
allowing ’off-crest’ operation. This gives continual rebunching, so that even a beam with large mo-
mentum spread remains captured in the RF bucket. Even though it is the absorbers that actually
cool the beam, for typical accelerating gradients (around 10 MeV/m), the RF cavities dominate
the length of the cooling channel (see e.g. Figure 2.1). The achievable RF gradient determines how
much cooling is practical before an appreciable fraction of the muons have decayed or drifted out
of the bucket.

It follows from the above equation that the percentage decrease in normalized emittance is
proportional to the percentage energy loss. Low beam energy is favored because it requires less
re-accelerating voltage. The negative slope of (dE/dx)/E [94] at low energies leads to longitudinal
heating, while the positive slope at high energies comes with an increase in straggling. So, most
muon-cooling designs and simulations to date have used a momentum near the ionization minimum,
between 150 and 400 MeV /c. This is also the momentum range in which the pion-production cross-
section of thick targets tends to peak, and is thus optimal for muon production as well as cooling.

Intuition, calculations using linear ionization cooling theory and detailed simulations indicate
that the process, if effected in a homogeneous magnetic field, will decrease the transverse momentum
of the muons, but not the beam size itself. In order to convert the reduction of angles into a
reduction of beam size, a change in optical functions is necessary. This can be done in various
ways, the most drastic one being to perform a magnetic field reversal, which can also be used as a
way to reduce the beta function. The beta function can be squeezed in a periodic way by repeated
field reversals (FOFO or SFOFO cooling cells), or only a few times during the cooling process
(single- or double-flip cooling channel [18]). The difficulty in the design of a cooling channel is to
integrate the three basic element, low-Z absorbers, RF cavities and solenoid focusing, in the most
compact and economical way.

2.2 Cooling channel design
There have been many iterations of cooling section designs, both in the US and European studies.

A cooling device desirable for experimental test is a section of a cooling channel from a viable
high-performance Neutrino Factory design. It is defined by a few important characteristics:
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1. The cooling factor. The transverse emittance reduction in a short cooling section is at best
a factor Ae/e = AE/E, where AFE is the average energy loss in the absorbers (and restored
in the RF cavities) and F is the average particle kinetic energy. For muons of 200 MeV/c,
a ’10% cooling experiment’ requires an energy loss of about 20 MeV and similar gain in the
RF system.

2. The RF system, characterized in particular by its frequency. There are several existing
scenarios: in the scheme developed for the US Study II [118], cooling is performed with 201
MHz cavities; in the scheme developed at CERN the cooling is performed at 88 MHz. These
differences in Neutrino Factory design are motivated by the different preparation of the beam
prior to the cooling section. Another crucial parameter to consider for the cooling channel is
of course the gradient that can be achieved with such RF systems. Cooling experiment designs
have been developed in which the frequency is 88 MHz or 201 MHz. While the choice for
the cooling experiment proposed here (201 MHz) has been made on the basis of performance
and practicality [2], the experience gained will be beneficial for any of the schemes currently
contemplated.

3. The beam to be cooled. It is characterized by its average energy, energy spread, beam size
and angular divergence. In a Neutrino Factory design, the beam has properties that vary
along the cooling channel. One should vary the beam characteristics in a test experiment to
reproduce this variety of conditions all the way down to the equilibrium emittance. Here is
an example of typical beam properties:

e Momentum 200 MeV/c
e Momentum spread + 10%
e Beam size 5 cm rms in both projections

e Beam angular divergence 150 mrad rms in both projections

4. The magnetic field and diameter of the magnetic channel, typically 4 T field with an aperture
of 15 c¢m radius.

One of the characteristics of a cooling channel is the equilibrium emittance. A beam at equi-
librium emittance would traverse the channel without net reduction or increase of its emittance.
A precise measurement of this quantity for various configurations of magnetic field and beam mo-
mentum, and comparison with that expected from simulation, given approximately by

(equ.) __ B (0014)2

En =
dE
26my, =g Xo

(2.2)

is one of the quantitative aims of the experiment.

A detailed, integrated simulation of the beam line, instrumentation and cooling apparatus is
essential for the success of the Muon lonization Cooling Experiment. The performance measured
with MICE will be compared with the performance calculated from the detailed simulations. Three
distinct computer codes are used: ICOOL [39], developed at BNL, a beam line simulation toolbox
[22] based on Geant4 [44], developed at FNAL, and PATH [93], developed at CERN. These codes
have been used extensively in ionization cooling design studies and their results are in excellent
agreement.
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Figure 2.1: Top: Engineering rendering of the 201 MHz cooling channel (from US Neutrino Factory
Feasibility Study II [118]). Shown in cross section are three liquid-hydrogen absorbers, each enclosed
within a pair of ’focusing’ solenoids, interspersed with two 4-cavity 201 MHz RF assemblies, each
encircled by a ’coupling’ solenoid. Bottom: engineering rendering of the cooling section of MICE.
The radius of the coils is reduced to save cost, while the safety windows and argon jacket are

motivated by compliance with safety requirements.



Chapter 3

The International Muon lonization
Cooling Experiment (MICE)

3.1 Layout of the experiment

‘ Coupling Coils 1+2 ‘

Spectrometer Matching
solenoid 1 coils 1.1+1.2

Matching Spectrometer
coils 2.1+2.2 solenoid 2

‘ RF cavities 1 ‘ ‘ RT cavities 2 ‘
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Incoming muon heam Trackers 1 & 2 /

measurement of emittance in and out

Figure 3.1: Artist’s view of the International Muon Ionization Cooling Experiment (MICE), with
the beam entering from the left.

The main components of MICE are outlined in Figure 3.1. Cooling is provided by two cells from
the first part of the 201MHz cooling channel. The incoming muon beam encounters first a beam
preparation section, where a pair of high-Z (lead) diffusers generates a tunable input emittance. In
this section, a precise time measurement is performed and the incident particles are identified.

Section 3.1, 3.2, 3.3 and 3.4 are cited from the Proposal to the Rutherford Appleton Laboratory|1]
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There follows a first spectrometer, in which momentum, position and angles of each incoming
particle are measured by means of tracking devices embedded in a uniform-field solenoid.

Next comes the cooling section itself, with hydrogen absorbers and RF cavities, the focusing
optics being provided by superconducting coils. The default magnetic configuration is such that the
angles of the outgoing particles are measured in a second spectrometer, identical to the first one. At
the downstream end of the experiment, another time-of-flight (TOF) measurement is performed,
and particle identification by means of Cherenkov counter and a calorimeter eliminates muons that
have decayed in the apparatus.

The positions and operating parameters of the elements of MICE are summarized in Table 3.1.
All simulations in this section have been performed based on these values.

As noted, the cooling experiment consists of two complete cooing channel cells. One additional
absorber finishes the cooling section, both for reason of symmetry and to protect the trackers
against dark currents emitted by the RF cavities. To avoid emittance growth, the magnets in
these cells must be matched to the spectrometer solenoids. This is done using two sets of matching
coils situated between the solenoids and the focus pairs. Correction coils around each spectrometer
solenoid ensure a uniform field of 4 T for a length of 1 m.

Figure 3.2 shows the matched beta function for the central momentum of 200 MeV/c. It is
essentially constant in the detector, indicating that the required matching is achieved. As will be
seen in Section xx, the experiment can be matched within a momentum range from 140 to 240
MeV /c, and the beta function at the absorbers can be tuned down to a few centimeters.

Detector
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0 1 1 ]
0 2 4 6
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Figure 3.2: Beta function vs length through the match. The coordinate z = 0, around which this
function is symmetrical, is at the middle of the central hydrogen absorber 2.

3.2 Beam dynamics and quantities to be measured

This section describes the behavior of the beam in the channel and delineates the quantities that
could be measured to characterize it. Following earlier simulations of the cooling experiment with
path both for the 88 MHz and the 201 MHz designs [7, 40], the simulations presented here were
performed with ICOOL [39, 57], which includes energy loss, multiple scattering, straggling in the
hydrogen absorbers and realistic descriptions of all magnetic fields.

The simulation includes 0.5 mm thick aluminum absorber windows (their thickness has been
increased with respect to that of Study II to mimic the effect of safety windows), and stepped
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Item zo[mm] Az [mm] properties

Diffuser 1 -10000 1.4 lead

TOF 0 -9950 50 plastic scintillator o(t) = 50 ps

TOF 1 -50 50 plastic scintillator o(¢) = 50 ps

Diffuser 2 0 22.4 lead

Correction coil 1.1 500 120

Spectrometer solenoid 1 680 1260

Tracker 1 810 1000 uniform-field region, B =4 T

Correction coil 1.2 2000 120

Matching coil 1.1 2269 202

Matching coil 1.2 2519 202

Focus coil 1.1 3042 200

Hydrogen absorber 1 3187 350 energy loss 11 MeV

Focus coil 1.2 3482 200

RF 1 3877 1720 4 201-Mhz cavities separated by Be windows;
accelerating gradient 8.3 MV /m

Coupling coil 1 4567 350

Focus coil 2.1 5792 200

Hydrogen absorber 2 5937 350 energy loss 11 MeV

Focus coil 2.2 6232 200

RF 2 6627 1720 4 201-Mhz cavities separated by Be windows;
accelerating gradient 8.3 MV /m

Coupling coil 2 7317 350

Focus coil 3.1 8542 200

Hydrogen absorber 3 8687 350 energy loss 11 MeV

Focus coil 3.2 8982 200

Matching coil 2.2 9503 202

Matching coil 2.1 9753 202

Correction coil 2.2 10104 120

Spectrometer solenoid 2 10284 1260

Tracker 2 10414 1000 uniform-field region, B =4 T

Correction coil 2.1 11604 120

Cherenkov 11824 560 aerogel n = 1.02

TOF 2 12390 50 plastic scintillator o(¢t) = 50 ps

Calorimeter 12900 150 scintillating-fibre lead spaghetti calorimeter

Table 3.1: Position along the beam line and operating parameters of the elements of MICE
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beryllium windows. The RF fields used are those from perfect pillbox cavities. The limiting
apertures are found to be located at the central iris of each 4-cavity RF assembly. The RF gradients
are 8.3 MV/m and the phase is such that maximum acceleration is obtained in each cavity. An
illustration of the elements of the experiment is given in Figure /reffig:3.3.
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Figure 3.3: Description of the essential optical elements of MICE. Also shown are the rms beam
radius and beam envelope for a beam of the same emittance as at the entrance of the cooling
channel in Study-II.

Figure 3.4 shows the expected behavior of the beam for a large input emittance. The kinetic
energy of the beam is reduced at each passage through an absorber, and increased in the RF
cavities. At the location of each of the absorbers, the normalized emittance decreases. (It does not
decrease through the accelerating section, but the un-normalized emittance would.) As an extra
absorber has been included, the momentum of the outgoing beam is reduced with respect to the
incoming. This could be avoided by emptying the central absorber. The experiment must measure
the emittances of the incoming and outgoing beams and, most importantly, their ratio, with a
precision much better than the expected 10% reduction in emittance.

Figure 3.5 shows how the output emittance varies with that of the input beam. For very large
input emittance, the output emittance is reduced substantially, but the transmission decreases,
large-amplitude particles being lost in the channel. Nevertheless, this may not be a sign of poor
performance of the device: what really matters is the variation of the number of particles within
a desired acceptance. This is shown in Figure 3.6, where the cooling performance is defined by
comparing the number of particles in a given acceptance (here the acceptance of a subsequent muon
accelerator) before and after the cooling section. In both figures it can be seen that, as the input
emittance falls, so does the cooling performance. At very low input emittance, the beam is heated
rather than cooled. The equilibrium emittance is the boundary between the two cases, the value
for which the input and output emittances are equal. Ideally the equilibrium emittance should be
as small as possible, and the acceptance as large as possible.

3.3 Measurement technique

The diagnostic devices of MICE are principally aimed at measuring, before and after the cooling
channel, the volume occupied by the muon beam in six-dimensional phase space. The measurement
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muon kinetic energy showing the typical saw-tooth, the particle losses which occur mostly at the
central RF cavity iris and the 2D normalized transverse emittance, which is seen to decrease in the
absorbers. These are all plotted for an input emittance of 6.1 7 mm rad and muons of 200 MeV/c
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Figure 3.6: Cooling channel efficiency, measured as the increase in the number of muons inside a
given transverse normalized acceptance, for an input beam of large emittance. For the acceptance
of the Neutrino Factory muon accelerator, which is 15 7 mm rad (normalized) the increase in the
number of accepted muons when going through MICE would be > 30%. The acceptance is 3 times
larger than the rms beam size, which is proportional to the square-root of emittance; this implies
a scale factor of 9 in the abscissa compared to that of Figure 3.5.
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system must not only measure emittances, but also count particles. Two techniques have been
considered: i)the multi-particle method, where emittance and number of particles in any given area
of phase space are determined from the global properties of a bunch; ii) the single-particle method,
in which the properties of each particle are measured. The full determination of the covariance
matrix in six dimensions is a delicate task in a multi-particle experiment, and the desired diagnostics
would have to be developed specifically; for these reasons, the single particle-method was preferred.
This technique, typical of particle physics experiments, is also one for which experimental methods
already exist. Furthermore if follows exactly P.Lapostolle’s definition of the rms emittance [68].

In a particle-by-particle experiment, the properties of each particle are measured before and
after the cooling channel in a magnetic spectrometer. Each detector measures, at given z positions,
the coordinates x and y of every incident particle, and possibly the time. Momentum and angles
are reconstructed by using more than one plane of measurement. For the experimental resolution
not to affect the measurement of the emittance by a significant factor, the rms resolution of the
measurements must be better than about 10% of the rms beam size at the equilibrium emittance
in each of the six dimensions. An essential aim of MICE is to measure the equilibrium emittance
precisely.

There will be only one particle traveling through the apparatus within the time window of
the system. For each incident particle it will be possible to determine whether it was lost in the
channel, or if it went through successfully, by the presence at an appropriate time (taking account
of the travel time and fluctuations thereof) of a particle in the downstream spectrometer. In this
case the losses can be very cleanly separated, particle-by-particle, from the effect of cooling.

Except for possible collective effects such as space charge, this particle-by-particle technique is
equivalent to full-beam measurements, but offers several advantages:

e Correlations between parameters can be easily measured if the 6 parameters are measured on
a particle-by-particle basis.

e The detailed understanding of the role of each beam parameter, and in particular of the
energy, transverse momentum and RF phase (=time) of the particles, can easily be studied
by making selection cuts in the ensemble of particles without making changes to the beam
parameter settings.

e Software cuts based on the incoming beam make it furthermore possible to derive a variety
of results with different input beam conditions from a single data set.

e Any desired input beam conditions can be reconstructed by appropriate weighting or culling of
the observed particles. The weights or cuts can be determined by comparing the distribution
in phase space of particles observed in the first spectrometer to the desired distribution.

Energy measurement requires a magnetic spectrometer, which could be designed in a variety of
ways. Simplicity in the matching with the cooling section and the need to keep a large-emittance
beam in a small physical volume led to the choice of solenoid magnets coaxial to the cooling
channel. The particle tracking inside the solenoid, obtained by measuring successive points along
the trajectory, allows position, angles and the momentum of each charged particle to be determined
as depicted in Figure 3.7.

Three (z,y) measurements in each spectrometer with particle detectors placed perpendicular to
the muon beam and at three different z values are sufficient to determine the muon position, angles
and momentum at the entrance and exit of the cooling channel. To obtain the best resolution and
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Figure 3.7: The space coordinates at three (or more) planes within the magnetic field and the TOF
information provide a complete reconstruction of the 6D phase space coordinates for each particle.
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the largest dynamic range, the spectrometer length should be such that the average muon makes
about 2/3 of a turn from the beginning to the end, i.e., about 1 m for 200 MeV /c muons in a 4 T
solenoid. To avoid reconstruction ambiguities, more than three planes of detectors will be used. As
indicated in Figure 3.1, the time coordinate is determined with precise time-of-flight measurements
at the entrance and at the exit of the channel. Measurement of the RF phase of each incoming
particle with a precision of 5° requires a time measurement resolution of 70 ps or better for the 201
MHz RF system, making precision time-of-flight counters compulsory.

The design of MICE, with spectrometer solenoids matched directly to the cooling cells, allows a
small spectrometer to measure a large phase space and introduces no artificial energy dispersion. It
has, however, one major drawback. The single-particle detectors will be exposed almost directly to
a large dark current and x-ray background generated by the nearby high-gradient RF cavities. The
understanding of this problem is well underway and described in Section 3.5. Several factors con-
tribute to protect the tracking detectors: i) the RF cavities will be operated at a moderate gradient
of 8.3 MV/m, due to the limited availability of RF power; ii) the dark-current electrons must pass
through the liquid-hydrogen absorbers, which are thick enough to absorb them completely, letting
through x-rays only; iii) the detectors are built of low-Z material and are well able to distinguish
hits from muons from those generated by x-rays. Thus, it appears that, at the RF voltage at which
the MICE cavities will be operated, the performance of the detectors will not be affected. Studies
of this critical issue are presented in Section 3.5; these will continue with high priority.

In addition to the primary goal of measuring the space-time coordinates and the momenta of
incoming and outgoing muons, the diagnostic devices should also be capable of identifying and
rejecting (i) residual undecayed pions and (ii) decay electrons, in order to restrict the emittance
measurement to that of the muon beam exclusively. Due to the different kinematics, even a small
fraction of these backgrounds, > 0.1%, has a detrimental effect on the emittance resolution. Pion
identification can be achieved by means of a precise time-of-flight measurement over a 10 m distance
prior to the first spectrometer solenoid. A 50 ps time resolution, associated with an (z,y) mea-
surement, leads to a 99% pion rejection. The decay electrons can be identified from their specific
kinematic properties with 80% efficiency. A larger rejection is needed and requires specific electron
identification with, e.g., a Cherenkov detector or a range measurement.
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3.4 Tracker

3.4.1 Requirements

Three precise measurement planes can provide adequate resolution in transverse and longitudinal
momentum. Nonetheless, the tracking issues for single muons in MICE can become very problem-
atic if the x-ray background from the RF cavities is too severe. The tracking detectors are therefore
required to have low mass, to avoid photon conversions, and enough redundancy to separate signal
hits from a potentially large background of photon hits.

The scintillating fiber tracker is the baseline option for the MICE Fiber Tracker. It has a
number of powerful features:

1. it can operate effectively at very high background rates
2. it is immune to electromagnetic interference

3. it is totally passive and therefore poses little risk when operated near liquid hydrogen

3.4.2 Layout

Figure 3.8: Engineering representation of 5 station fiber tracker

Figure 3.9: a) Ribbon doublet structure; b) u-v-t fiber plane

Figure /reffig:8.1 illustrates the mechanical arrangement of one tracker. The five planes will be
supported in a rigid tube so that the whole assembly can be slid into (or out of) the spectrometer
solenoid. Two five-plane scintillating fibre trackers are envisioned, each plane consisting of three
sets of fibre doublets at 120° to each other (Figure 3.9). This structure will give efficient space-
point reconstruction, since hits in any two of the three doublets suffice. Each doublet consists
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of two overlapping layers of round fibres, giving 100% geometrical coverage over the face of the
detector and an approximately uniform thickness of scintillator, independent of where a particle
crosses the doublet. This structure also suppresses the effects of background photons since a photon
interaction is not likely to produce a triplet hit in a fiber plane. Each detector plane will have an
active area that completely encloses a 30-cm-diameter circle. Figure shows the fibre ribbon doublet
structure and a typical u-v-t readout plane. Scintillation light from the fibre will be piped to the
photodetectors using clear fibre light guides of a length not to exceed 3 m. The photodetector of
choice is the Visible Light Photon Counter (VLPC), due to its high quantum efficiency (85%) and
high gain (50,000). This design is inspired by that of the DO Fibre Trackers [34] VLPC system.
To minimize the effects of the background x-rays, the smallest fiber that yields enough light for
efficient tracking will be used. Based on results from D0, 350 um fibre diameter seems acceptable,
given the short active length (30 cm) of the MICE tracking planes and the relatively short light
guides in comparison to those used in the DO Fibre Tracker. Fibre ribbons made with both 500
and 350 um fibre are currently being prototyped. The light yield from these prototypes will be
measured with a 32 channel VLPC system using cosmic rays.

@

Figure 3.10: Fiber multiplexing scheme

3.4.3 Readout electronics

The readout planned for MICE uses the DO VLPC system. A total of 44 DO-type 1024-channel
VLPC cassettes are required. No new engineering is needed and the available infrastructure at
Fermilab can be used for VLPC cassette production. A new order for VLPCs will have to be
initiated with the vendor, however. Also, the DO cryogenics design will be used for MICE. The
current design calls for two DO-type VLPC cryostats each holding approximately 22,000 channels (22
cassettes) of VLPC readout. One cryostat will service the upstream tracker and one the downstream
tracker. This configuration allows minimization of the fiber light guide length, thus maximizing
light yield and reducing fiber costs. Each VLPC cassette uses two 512-channel readout boards.
The existing boards currently used in the DO experiment provide analog and trigger bit (digital)
information from the VLPCs, temperature and bias control, and calibration. DO is currently
working on a new front-end design that will allow for higher readout rate and include the possibility
of adding timing information (with 1-2 ns precision) for each hit. The MICE collaboration plan
to work with DO on this effort, with the hope that a single final design can be used for both
experiments.

3.4.4 TPG for the Optional Tracker

This detector has been proposed [Gas02] with the acronym TPG (Time Projection chamber with
GEM amplification [GDDO02]). The ionization electrons generated by the muon in a gas volume 1
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m long and 30 cm in diameter will be drifted along an electric field parallel to the magnetic field,
and multiplied by a factor 104 to 105 in a set of three gaseous electron multipliers (GEMs). (A
GEM [Sau97] is a structure in which high gas gain results from the concentration of electric field
at the edges of small holes bored in a thin double-clad plastic foil, across which a high voltage is
applied.) The readout plane, called a hexaboard [Bre98, Sau01, Bac02], is made of hexagonal pads
arranged to form three sets of strips oriented at 120° to each other.

3.5 DAQ and slow control

3.5.1 DATE

Data Acquisition Test Environment (DATE) developed by the ALICE Collaboration have been
chosen for the use in the MICE DAQ. Figure xxx show the architecture of DATE.

3.5.2 EPICS

EPICS provides a set of softwares for use in building distributed control systems to operate devices
such as Particle Accelerators, Large Experiments and major Telescopes. Such distributed control
systems typically comprise tens or even hundreds of computers, networked together to allow com-
munication between them and to provide control and feedback of the various parts of the device
from a central control room, or even remotely over the internet. EPICS uses client/server and
publish/subscribe techniques to communicate between the various computers. Most servers (called
Input/Output Controllers or I0Cs) perform real-world I/O and local control tasks, and publish
this information, which is defined as the Process Variable (PV) to clients using the Channel Access
(CA) network protocol.

3.6 MICE time development of apparatus

Given that all detectors and parts of the equipment will not be ready at the same time, one can
foresee a development of the experiment in time, to allow a number of preparatory stages. This leads
to the scenario presented in Figure 3.11. First (step I) the beam can be tuned and characterized
using a set of TOF and particle ID detectors. In step II the first spectrometer solenoid allows a
first measurement of 6D emittance with high precision and comparison with the beam simulation.
This should allow a systematic study of the tracker performance. Step III is fundamental for the
understanding of a broad class of systematic errors in MICE. The two spectrometers work together
without any cooling device in between and should measure the same emittance value (up to the
small predicted bias due to scattering in the spectrometer material). Step IV, with one focusing pair
between the two spectrometers, should give a first experience with the operation of the absorber
and a precise understanding of energy loss and multiple scattering in it. Several experiments with
varying beta-functions and momentum can be performed with observation of cooling in normalized
emittance. Starting from step V, the real goal of MICE, which is to establish the performance of
a realistic cooling channel.
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MICE Schedule as of Sept 2009 Run date:
E.I:I.’_'_'_"_l STEP 1 Sep-Dec 2009
T (running now)

— || stern Q2/Q3 2010

- Tl st s 2o

| c— D. 0 .l STEP IV 2011

L . STEP V
| 2012-2013

S = == =—="lsTEP VI
pRs—— = " 2013

Figure 3.11: Evolution of the apparatus in time.



Chapter 4

Overview of the MICE Scintillating
Fiber Tracker

The MICE Scifillating Fiber Tracker (SciFi Tracker) has been developed for measuring muon emit-
tance in MICE. The emittance measurements with high resolution requires the Tracker to be made
with small amount of material for minimizing the effect of multiple scattering.

4.1 Overview

4.1.1 Requirements

First requirement for the MICE SciFi tracker is to be made with small amount of materials to
reduce multiple scattering in order to achieve the emittance measurement with precision of £+ 0.1
%. Next requirement for the tracker is the stable operation near high magnetic filed of 4 Tesla.
MICE SciFi tracker has been designed to meet these two requirements as describe in the next.

4.1.2 Key challenges

In order to minimize the effects of multiple scattering, the SciFi Tracker consists of fine scintillating
fibers of 350 pum diameter. Photon detectors with high quantum efficiency are required in order
to detect the low light produced by such a fine fiber. The Visible Light Photon Counter (VLPC)
is employed for the SciFi Tracker. The VLPC peak quantum efficiency is more than 85% at 520
nm (green) wavelength. Hence, a 3HF (3-Hydroxyflavone) secondary dopant, with peak emission
at 520 nm, is employed. The scintillating fibers in which 3HFs are doped by 2500 ppm. The
concentration of 3HF has determined by the result of cosmic-ray test. The details are explained in
the section 5.3.3.

Clear-fiber light-guides transport scintillation photons to the VLPCs. In order to minimize the
light yield loss in propagation, clear fibers with long attenuation length are employed for light-
guides. The light-yield loss of about 50 % is expected during the transportation in the light-guide
of 4 m long. The attenuation length measurement is described in section 5.2.2.

The number of scintillating fibers in two Trackers reaches to 44,800. Seven of scintillating fibers
are multiplexed to reduce the number of channels to 6,400. This degrades the position resolution
by factor 4, but it still requires the resolution of emittance measurement.

27
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Analog Front End Boards with version II (AFEIIt) have been developed for the use in MICE.
The charges from VLPCs are digitized at ADCs and transported to FPGAs with time information.
FPGAs packs the data (charge and time) in each channels into event fragments and transports those
to VME memory buffer modules. As the memory buffer module, VME Surdes Board (VLSB) is
used, which have been developed by FNAL. The brief description of AFEIIt and VLSB are presented
in the section 4.3.2. At each ends of the spill, data stored in VLSBs are read out by DAQ.

MICE have been decided to use the DAQ framework, Data Test Environment (DATE), which
has been developing by ALICE collaborators. The tracker DAQ have been implemented and tested
in the cosmic-ray test at RAL in 2008. And also, EPICS based slow control has been developed for
the purpose of initializing AFEIIt boards. The implementation of the tracker DAQ is described in
section 7.2.4.

4.2 SciFi tracker system

4.2.1 Layout of the system

The SciFi tracker system is constructed from three sections; the SciFi tracker, light-guide and
photon detecting system. Key parameters of the MICE tracker are summarized in Figure 4.1.

4.2.2 SciFi tracker
4.2.2.1 SciFi ribbon

The scintillating fibers of 350 pm diameter are glued with 427 pum pitch to make a single layer of
the ribbon. A second layer of the ribbon is glued on the first layer in order to reduce the dead
space between fibers. The ribbons are made in the FNAL following the technique developed by the
DO fiber tracker.

4.2.2.2 SciFi station

The SciFi station is the place where hit positions of muons are detected at the given z position
in the tracker. In the station, three scifi ribbons (doublets) are glued with the 120 degree angular
spacing on the station frame made by carbon fiber. The free fibers are bent to connect with
optical connectors which are located on the circumference of the frame. There are 30 connectors
in a station, six of which are connected to the ‘internal‘ light-guide, therefore five light-guides are
attached to a station. The optical connectors used for the station are shown in Figure 4.3. Five
stations are fixed with the carbon-fiber space frame at the given location as shown in Figure xxx.
The space frame with stations mounted are installed in the bore of the spectrometer magnet. In
the cosmic-ray test, stations are installed in the light-tight cylindrical tube.

4.2.2.3 Station support frame

Station support frames are used to fix the SciFi stations at given z positions vertically to the beam
axis.



4.2. SCIFI TRACKER SYSTEM 29

Component Parameter Value
Scintillating fibre | Scintillating fibre diameter 350 pm
tracker Primary dopant, pT, concentration 1.25% (by weight)
Secondary dopant, 3HF, concentration | 0.25% (by weight)
Fibre pitch 427 pm
Estimated light yield per single fibre 10 photo-electrons
Number of scintillating fibres per
optical readout channel 7
Position resolution per plane 470 pm
Views per station 3
Radiation length per station 0.45% radiation lengths
Stations per spectrometer ]
Station separation: 1 - 2 35 em
Station separation: 2 - 3 30 cm
Station separation: 3 - 4 25 cm
Station separation: 4 - 5 20 cm
Tracking volume | Sensitive volume: length 110 cm
Sensitive volume: diameter 30 em
Gas in warm bore of spectrometer Helium at atmospheric
solenoid Pressure
Spectrometer Magnetic field in tracking volume 4T
solenoid Field uniformity in tracking volume 3 per mil
Field stability 1 per mil
Warm hore diameter 40 em

Figure 4.1: Key parameters of the MICE tracker module. The first section of the figure presents
the parameters of the scintillating fiber tracker itself. The second section reports the environ-
ment within the tracking volume in which the tracker must operate. The final section reports the
parameters of the MICE spectrometer solenoid that directly affect the performance of the tracker.
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4.2.3 Light-guide

Kuraray, clear polystyrene, round, s-type, 1.05 mm fiber was chosen for the light-guides. The
attenuation length of the fiber was measured to be 7.6 m (section 5.2.2) and thus, to reduce the
light loss in propagation as far as possible, the length of the clear-fiber run from station to VLPC
cassette was specified to be 4 m. The light-guide, a bundle of 128 clear fibers, is composed of an
‘internal‘ section, which connects between the station and the patch panel, and ‘external section,
which connects between the patch panel and the VLPC cassette. In order to make the cabling
of the ‘internal‘ light-guide to be clear, the length of the ‘internal® light-guide is determined by
the distance between the patch panel and the station where light-guide is attached. The length
of (internal) clear fiber is determined by the distance between the patch panel and the station to
be connected. This makes it possible to attach light-guide near the station support frame without
making extra bending. The specification of the length of light-guides produced are summarized
in Table 6.2. Optical grease are applied to all optical connectors when mating the light-guides in
order to minimize light yield loss due to Fresnel reflection.
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Figure 4.2: Schematic drawings of internal light-guide (top) and external light-guides (bottom).

4.2.3.1 Internal light-guide

The internal light-guide (figure 17 top) has one 128-fiber ‘patch-panel’ connector (1A) and six
22-fiber station connectors (3A). The connector 1A (figure 18 top-left) has 128 holes which match
with those of the connector 2A (figure 18 bottom-right) of the external light-guide. The connector
3A (figure 18 top-right) has 22 holes configured as shown. These connect to station connectors and
are locked by the collar 3B.
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Figure 4.3: Optical connectors for SciFi station and light-guides.
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4.2.3.2 External light-guide

The external light-guide is equipped with a flexible tube which shields the fibers from ambient
light and also protects the fibers from any damage during handling and assembly. The external
light-guides (figure 17 bottom) use a 128-fiber optical connector, developed by DO, at the end that
interfaces to the VLPC cassette and a connector assembly (2A-E) which mates to connector 1A of
the internal light-guide. Flexible tubes F1, F2, and F3, and heat shrink tubes S1, S2, S3, and S4
form the body casing of the external light-guide. A light-tight injection-moulded boot (2F) is glued
into the rear of the DO connector and flexible tube F1 is attached to the boot using sleeve 2G with
adhesive and heat-shrink tubing S1. This makes the assembly fully light tight and adds strength.
The flexible tubes F1, F2, and F3 are fixed with heat-shrink tubes S2 and S3. The locking ring
2B is used for securing the connector, 2A to the connector 1A of internal light-guide at the patch
panel. The optical connector DO (figure 18 bottom-left) has 128 holes, in a 16 x 8 arrangement
which makes contact with the connector at the VLPC cassette. The optical connector 2A (figure
18 bottom-right) has 128 holes in an arrangement as shown, which mates with connector 1A of the
internal light-guide.

4.2.3.3 Patch panel

Patch panel is a aluminum plate at which internal light-guides and external light-guides are joined.
25 holes are made on the circumstance of the panel to fit the bulk head connectors of internal
light-guides.

4.2.4 Photon detecting system
4.2.4.1 VLPC

Figure 4.5: Photograph of the 8-element VLPC array.

The light produced from charged particles passing through the scintillating fibers is piped along
the fibers and thence, via the clear-fiber light-guides, to the VLPCs, which are housed in cassettes
(see below) and which convert the light into an electrical signal. The VLPC is a silicon-avalanche
device operated at cryogenic temperature. It is a development of the Solid State Photomultiplier,
an impurity-band silicon avalanche photo-detector. It has undergone six design iterations, specified
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VLPC pedestal and typical signal output
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can be observed. Photon peaks are separately seen.
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as HISTE I to HISTE VI. HISTE VI, the version used in the DO CFT, and thus the version that
is used in MICE, is an eight element array in a 2-by-4 geometry, figure 29. Each pixel in the
array having a diameter of 1 mm. The HISTE VI operational parameters are: quantum yield,
>0.75; gain (G), 20,000 - 60,000; operating temperature; 9 K, and operating bias, 68 V. VLPCs are
fabricated using an epitaxial growth process which produces a series of doped and undoped silicon
layers on highly-doped silicon substrate wafers. Each eight-pixel chip (Figure 4.5) is soldered to
an aluminium nitride substrate. The outputs from individual pixels are wirebonded to individual
contact pads on the substrate. VLPCs from different batches exhibited a large variation in gain,
due to non-uniformities in the production process. Due to these variations, the VLPCs were
sorted into like-gain batches which were used for specific cassettes. VLPC cassettes can be roughly
characterized as high-gain (G 40 000) or low-gain (G 20 000). MICE will use both high and low-gain
cassettes.

4.2.4.2 VLPC cassette

The VLPC cassette contains 1024 channels of VLPC readout and is divided into 8 modules of 128
channels each. Sitting directly over each VLPC pixel is an optical fiber which brings the light from
the detector to the VLPC chip. Each cassette module is composed of an optical bundle assembly,
a cold-end electronics assembly, and an assembly of mounted VLPC hybrids.

The cassette has a ‘cold end‘, that portion of the cassette which lies within the cryostat, and a
‘warm end‘, the portion of the cassette which emerges from the cryostat and is at room temperature.
At the cold end, eight ‘cold-end assemblies‘, each of 128 channels of VLPC readout, are hung from
the feed-through by the optical bundles and are surrounded by a copper cup. Each cold-end
assembly consists of sixteen, 8-channel VLPC hybrid assemblies, the ‘isotherm‘ or base upon which
they sit, the heater resistors, a temperature measurement resistor, coldend flex-circuit connectors
and the required springs, fasteners and hardware. Running within the cassette body from top to
bottom are eight 128-channel optical-bundle assemblies which accept light from the detector light-
guides connected to the warm-end optical connectors at the top of the cassette and pipe the light to
the VLPCs mounted at the cold end. The electronic read-out boards are located in rails which are
mounted on the warm end structure and are connected electrically with the cold-end assemblies via
kapton ‘flex circuit‘. In addition, the electronics boards are connected to a backplane card and a
backplane support structure via multi-pin connectors and board-mount rails. The flex circuits and
read-out boards are electrically and mechanically connected by a high density connector assembly.

Since the VLPCs operate at cryogenic temperatures, a helium cryo-system is required. A special
purpose cryostat has been designed and built for MICE to allow the VLPCs to be operated at a
temperature of (9.0 0.1) . The cryostat has two cassette slots which accept DO 1024 channel
VLPC cassettes. The MICE VLPC cryo-systems use Gifford-McMahon cryocoolers (Sumitomo
RDK 415D) to maintain the 9 K operating temperature for the VLPCs. This two-stage, commercial
cryocooler is located between the two cassette slots. The first stage of the cryocooler, operating
at 50 K, is used to provide a heat intercept between the room-temperature cryostat body and the
cold-end assembly. The cold head of the cryo cooler is used to cool the copper isotherm in order
to bring the VLPCs to their operating temperature.

The cassette envelope is a low conductivity, low thermal-expansion box that seals to the un-
derside of the top lid of the cryostat. The insulating vacuum is on the outside of the envelope
and the VLPC cassette, immersed in helium gas, is situated inside the envelope. The nominal
clearance inside the cassette is made rather tight at 0.6 mm in order to facilitate heat conduction
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to the cryocooler. The wall thickness, 0.38 mm, was also reduced to the minimum practical for
fabrication so as to minimize heat conduction along the cassette envelope from the warm end to
the cold end.

Thermal links provide the conduction heat-transfer path between the two stages of the cry-
ocooler and the cassette. The thermal links are made from oxygen-free high-purity copper (OFHC),
UNS grade C10100. The thermal links are 10 mm thick solid copper pieces with a short flexible
segment to accommodate a movement of 2 mm due to thermal contraction. The flexible segment
is constructed of 35 individual 0.13 mm thick pieces of high purity copper foil soldered to the
solid segments. The upper thermal link operates at a temperature of around 4550 K and has a
temperature gradient of 1 K from the cryocooler connection to the envelope connection. The lower
thermal link (Figure 4.7) operates at temperatures in the range of 68 K and has a calculated 0.1
K temperature drop from the cryocooler to the envelope.

Figure 4.7: Close up of the lower thermal link flexible section. The cassette envelope may be seen
on the left-hand side of the picture. The copper foils that form the thermal link between the cold
end and the cryocooler cold head may also be seen. The Cernox temperature sensor is mounted to
the envelope side of the link.

4.2.4.3 VLPC cryostat with cryocooler

Cernox temperature sensors from Lakeshore Cryogenics are mounted on the cold head of the cry-
ocooler and the lower thermal link near the cassette envelope. A silicon diode temperature sensor
from Oxford Instruments is used to measure the upper link temperature. A 100 platinum resistor
was also used during the commissioning tests. The sensors are mounted into small copper holders
using GE-7031 varnish. The copper holders themselves are screwed to the surfaces with a #4-40
screw with Apiezon ‘N grease at the interface. Cryogenic quad-lead wire from the sensors is heat
sinked to a small copper bobbin mounted nearby. Readout and temperature control is via an Ox-
ford Instruments, ITC503 temperature controller. A flexible 36 heater element is wrapped around
the second stage of the cryocooler using high purity copper sheeting and hose clamps. The heat
transfer surface of the heater is lightly coated with Apiezon grease. Up to 5 W of heat can be
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Figure 4.8: Sectional elevation drawing for the MICE 2-cassette VLPC cryostat

supplied by the heater to give gross temperature control for the cassette cold end. Each cassette
also has individual heater controls (one heater for each module in a cassette for a total of 8) to
adjust for small, asymmetric temperature differences.

Although we experienced some difficulty in making good (high-conductance) connections on
the thermal links at the cryocooler head and the cassette envelope, once good link connections had
been made, the system performed extremely well. In normal operating conditions, a small amount
of heat is added to stage II using the heater (supplied and controlled by the Oxford controller)
giving better temperature stability. With full control (Oxford and cassette temperature control
on), the VLPC temperature is controlled at (9 £+ 0.0005) K.

4.3 Tracker Readout

4.3.1 Trigger logic

In MICE, the LIACCEPT will be formed from signals from Time-of-Flight counters and signals
from the ISIS accelerator; a combination of these signals will indicate the passage of a through-
going muon. If we assume a 0.5% occupancy, then there are roughly 30 hits in the two trackers per
muon. During readout, all 64 DFPGAs will read out a trigger word, a header word, and 8 words for
bitmap data for a total of 10 words per DFPGA. Then 30 single hits with 5 words per hit (channel,
TriP0 time, TriP1 time, TriP0 charge, and TriP1 charge) yield 150 more words for a total of (64
x 10) + (30 x 5) = 790 total words for a MICE event. Assuming 1000 words/event, then for 600
events/spill and one spill every second, the AFE-IIt boards will have to read out roughly 600,000
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words every second to the VLSB buffers via the LVDS links and VME. If the data are read out
to 16 VLSB modules housed in two crates with each VME word transfer taking 1 u s, the 600,000
word readout would take roughly 0.3 sec which is sufficient for MICE running.

4.3.2 Electronics
4.3.2.1 AFEIIt board

The board that will be used in MICE is the second generation front-end readout board, the AFEIIt
[14]. Figure 35 shows the schematic diagram of signal pathes from VLPCs to LVDSs (128 channels)
implemented on the AFEIIt board. Four of this diagram are implemented in a board, therefore,
the number of channels per board is 512. To read out two trackers, 6,400 channels are needed, so
that 13 AFEIIt boards are required in theory. Since light-guides for upstream(downstream) tracker
cannot reach to VLPC cryostats at the downstream(upstream), 16 AFEIIt boards are required in
realily.

As shown in figure 35, the analogue pulses produced by the VLPCs are input to ‘ITrigger
and Pipeline with timing‘ (TriP-t) chips on the AFE-IIt boards. The TriP-t chip generates three
outputs for each channel: a digital discriminator signal; an analogue pulse proportional to the
amplitude of the integrated charge of the input pulse (the A-pulse); and an analogue pulse (the
t-pulse) proportional to the time between the firing of the discriminator and the closing of the time
gate. The discriminator output is routed to one of the Field Programmable Gate Arrays (FPGAs),
the DFPGA (‘Digital® or ‘Discriminator‘). The A-pulse and the t-pulse are stored in 48-sample,
analogue pipelines in the TriP-t chip before being read out upon the receipt of an external Level
1 accept (LIACCEPT) trigger. The discriminator bits, which indicate which channels are above a
predetermined threshold, will be directed to another FPGA called the AFPGA (‘Analogue‘), and
will be used for the digitization of the data in the channels above threshold. Only those channels
above threshold are digitized (‘zero-suppression‘), which results in reducing digitization time.

The AFEIIt boards are initialized before starting DAQ), in which TriP-t and FPGAs are turned
on and configured. As noted in section xxx, the temperature and heater power at cassettes can be
read out via the right-hand AFEIIt board. This monitoring performs at every time after Oxford
temperature controller is turned on to confirm that the temperature of cassette reaches at 9 K
stably. The initialization and monitoring is controlled by EPICS (section 7.2.3).

4.3.2.2 VLSB slave board

A VME LVDS SERDES (Serializer/Deserializer) Buffer (VLSB) board has four memory buffers
(banks), each of them is connected to a AFEIIt board via a Low Voltage Differential Signal (LVDS)
cable. The information on A-pulse (ADC) and t-pulse (TDC) from Trip-t chips are packed into an
event by FGPAs in AFEIIt board and read out over a LVDS cable upon receipt of a LIACCEPT.
Data stored in VLSB boards are read out at every end of the spill by the DAQ. Data format
implemented in the DAQ is shown in Figure 7.12.

The VLSB module, which was originally designed for DO board testing and has been adopted for
use in MICE, is a VMEG64 single width, 6U module. The module is a custom LVDS SERDES buffer
with 4 LVDS input channels and can be operated stand-alone. A VLSB module can receive/generate
trigger signals over two LEMO connectors on the module front panel. A block diagram of the VLSB
card is shown in figure 36 [22]. The module can be controlled through two different interfaces; RS-
232 (front panel) and VME (backplane). The VLSB module hosts the Module Controller FPGA
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which handles the VME and RS232 interfaces, the timing and the diagnostics, and supervises the
data flow operations. The FPGA is configured at power-up by two on-board EEPROMs. The
VLSB module also hosts the four LVDS SERDES receivers used to convert and de-serialize the
input LVDS signals to Low Voltage TTL. A logic analyzer pod is provided for each LVDS link.
The Module Controller FPGA manages the input LVDS interface and stores the data received into
the ZBT SRAM. The FPGA control/status registers and the ZBT SRAM content can be accessed
from both VME and RS232 interfaces.
The detail on the operation of the VLSB by the DAQ is described in section 7.2.4.

4.3.2.3 DG2020/VLSB master board

DG2020 function generator makes LIACCEPT signals which is need as external trigger for AFEII
board. The same functionality is implemented in a VLSB board (referred to as master board to

distinguish memory buffer module). The timing configuration of the external trigger can be handled
via VME access.

4.3.2.4 MIL-1553 board

The MIL-1553 board is the VME interface to the AFEIIlt board, which is used when initializing
AFEIIt boards or monitoring the cassette data such as the temperature and heater value. The MIL-
1553 board has two channels, each is connected with the back plane where four AFEIIt boards are
connected and identified by the RT (Remote-Terminal). The command is transfered from one
channel to one board at a time.

4.3.3 Tracker DAQ

The tracker DAQ has a responsibility to take tracker data stored in VLSB boards and transfer to
the LDCs for recording locally or the GDC for event building after each end of the trigger. In the
tracker DAQ, equipments of VLSB boards are defined for taking data and an equipment of the
trigger counter is for managing a trigger. The DATE based DAQ has been implemented and tested
in the cosmic-ray test at the RAL in 2008, In this test, data is transfered to the local LDC, while
in the MICE physics run, tracker data will be transfered to the GDC. The implimention of the
tracker DAQ is described in chapter 7.

4.3.4 Tracker slow control

The tasks of the tracker slow contorl are 1) initialization, which is required prior to starting the
DAQ and 2) monitoring, which is requested when especially checking that cassettes are cooled
stably. In order to inform results of the tasks to clients, following PVs are defined; the status
flag which indicates that the initialization has done successfully and the cassette data such as
temperature and heater value. The AFEIIt CA server starts the initialization (monitoring) of
AFEIIt boards when requested by clients then updates PVs. The slow control for the tracker has
implemented and tested in the cosmic-ray test at the RAL in 2008. In this test, the AFEIlt CA
clients are implemented in the DATE functions; the initialization is in the Arm function of the
AFEIIt board, the monitoring is in the Read function of the AFEIIt board. In the MICE physics
run, the monitoring will be separated from the DAQ), that is, the cassette data will not be recorded
in the GDC. The monitoring will be performed once after the cassette cooling will be performed
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in order to confirm the temperature will have reached down to 9K stably. The implementation is
described in section 7.2.3.
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Chapter 5

SciFi Tracker Prototype

The prototype tracker has been made to check the mechanical design and measure light-yields of
scintillating fiber with clear-fiber light-guide attached at the cosmic-ray test.

The fiber selection procedure is applied both for the scintillating fiber and clear fiber. With re-
spect to the scintillating fiber, attenuation length measurement (see Section 5.2.1) and the selection
of 3HF concentration (see Section 5.3.3) have been performed. The clear-fibers have been deter-
mined in terms of the long attenuation length and high tolerance to the bending. The attenuation
length measurement is described in section 5.2.2.

The prototype tracker contains only three stations, two of them have only two views due to the
availability of scintillating fibers. The one of the most significant difference from the MICE tracker
is the design of the optical connectors. This improvement allow the assembling to be easy.

The cosmic-ray test shows that the measured light-yield is 11 pe, which agrees with the expec-
tation from data taken at DO fiber tracker (see Section 5.3). After that, the tracker production has
been started. (see chapter 6)

The prototype has been also tested with muon beams at KEK in 2005, where the 1T supercon-
ducting magnet is employed. The cryocooler prototype is also tested in the test.

5.1 Mechanical design for prototype

5.1.1 SciFi station

Three SciFi stations are prepared for the test. Two station has two views and one station has
three views. Each view is made with scintillating fiber with different concentration of SHF. The
specification of the concentration in each view is summarized in Table xxx. Three stations are fixed
using four carbon-fiber frames with equal spacing of 15 cm. The tracker is installed in a light-tight
tube of about 1m height. The light-guides are extracted out of the tube through holes on a panel
fixed on the top of the tube.

5.1.2 Optical connector

Two kinds of optical connectors are used for the prototype tracker. One is the MICE connector
attached on the station, and the other is the DO connector attached at the cryostat. The optical
connector has 18 holes. The DO connector has 128 holes (2 holes are not used). The optical
connectors are aligned by dowel pins and contacted by optical grease.

41
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5.1.3 Scintillating fiber

The scintillating fiber prepared is Kuraray 350 ym SCSF-3HF, ROUND, Multi-cladding, S-type
with 1% pT. Multi-cladding is selected because of the higher trapping efficiency than single-
cladding. Multi-cladding also has less effect of light-yield loss due to the crack on the surface
than single-cladding. S-type has more tolerance to the bending than Non-S type, while the atten-
uation length of the former is shorter than the latter. In view of minimizing the risk of damaging
the fiber in handling, S-type is selected.

The second dopant, (3HF) is mixed to shift the wavelength of the scintillating light down to
525 nm where the VLPC has highest quantum efficiency, 85 %. The emission spectrum of 3HF are
shown in Figureb.1.
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Figure 5.1: Emission spectrum of the second dopant, 3HF (top) and VLPC quantum efficiency
curve (bottom).



5.2. ATTENUATION LENGTH MEASUREMENT

3HF (ppm) 10000 5000 3500
A 399.7 + 15.5 | 306.7 + 11. 4 | 239.7 + 124
a(m) | 0.248 + 0.019 | 0.369 & 0.031 | 0.498 £ 0.041
B 562.3 + 10.0 | 545.1 &+ 12.2 | 467.1 + 13.9
b (m) 210 + 0.04 | 268 +0.06 | 2.60 =+ 0.07

Table 5.1: The attenuation length of scifi with several 3HF concentration. A and a are the magni-
tude and the attenuation length respectively, and B and b are these for the long component.

5.1.4 Light-guide

A light-guide is a bundle of 126 (7 x 18) clear fibers of 4m long. Seven MICE connectors at the
end and one DO connector are attached at the other end of light-guides. In order to shield the
light from the outside, flexible tubes are attached from the outside of the patch panel to end of DO
connectors attached on the cryostat.

5.2 Attenuation length measurement

5.2.1 Scintillating fiber

Three kinds of concentrations, 3500ppm, 5000ppm and 10000ppm were tested.

A collimated light from a LED (NSHU-550A) of which emission peak is 375nm was injected in
order to excite the scifi. The measurement was performed with changing the lightning point from
10cm up to 3m from the size of the photo detector, PMT (H1949), by HAMAMATSU. The end
of the scifi was polished briefly and fixed on a thin acryl board. The polished end was connected
optically with the surface of the PMT cathode while the other end is free.

= P
FII. \‘.
\\ l LA
PMT 1 ]
Fiber Loon ®
A Fiber Xy
PR U LED

Figure 5.2: Layout of the attenuation measurement of scifi.
The attenuation length is estimated by fitting with the sum of two exponential functions as
follows. As a fitting function, the summation of exponential function with short component (\g)
and long component (Ar) is applied,

F(z) = Axexp(—z/A\s)+ B xexp(—z/AL) (5.1)

The result of the attenuation length is summarized in Table xxx.
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A [032%0.77
As (m) | 0.69 + 0.74

B | 1.49 £ 0.07
AL (m) | 7.63 £ 0.70

Table 5.2: The result of the measurement of clear fiber.

A As (m) B Ar (m)
0.32 £ 0.77 | 0.69 &= 0.74 || 1.49 = 0.07 | 7.63 £+ 0.70

Table 5.3: The result of the measurement of the attenuation length of clear fiber.

5.2.2 Clear fiber

The clear fiber prepared is KURARAY 1.05 mm¢ CLEAR-PS, ROUND, S-type.

The attenuation measurement of the clear fiber, KURARAY CLEAR-PS, ROUND, S-type, 1.05
mme¢, was measured in the dark room at Lab6 in the FNAL. A schematic view of the setup is shown
in Figure 5.3.

The light from scifi was used as source and two sets of silicon photo-diodes provide by Oriel
were used as detector. The bundle of scifi was set in a plastic jointer. The clear fiber of a length of
8m was then inserted in a hole of the jointer, so that the light from scifi can inject directly into the
clear fiber. The jointer, a LED to excite scifi and the photo-detector to measure the amount of light
from LED were fixed and mounted on a support stand. The LED was driven by a 100 Hz pulse
generator with a 5.5 V pulse-height. The other end of clear fiber was inserted in a connector to set
in a optical diffuser where the second photo-detector was attached. The diffuser was employed to
reduce the directionality of the light. After the first measurement, the end of fiber set in diffuser
was cut by 50cm then polished with a portable diamond cutter. The measurement was repeated
until the length of the clear fiber reached to 50cm.

The light-yield as a function of the length of the clear fiber is show in Figure 5.4. The attenuation
length is estimated in the same way as scintillating fiber.

The result of the attenuation length measurement is summarized in Table 5.3. From this, 55 %
light yield loss is estimated with a 4m-long clear fiber.

5.3 Cosmic-ray test at FNAL

The light-yield of the prototype tracker with 4m light-guide attached had been measured with
cosmic-ray using VLPCs at the FNAL DO test stand in 2003 (Figure 5.5).

5.3.1 Setup
5.3.1.1 Prototype tracker

The construction and assembling of the prototype tracker were performed at the FNAL in the fall
in 2003 (Figure 5.6). Three stations were constructed for the prototype. Two of three stations are
made with two views and each view has different concentration of 3HF. The specification of the
prototype tracker is described in Table 5.4.



5.3. COSMIC-RAY TEST AT FNAL 45

Clear Fiber

Connecter

Plastc jointer

3HF sdifi \E

PULSER

\ Siliocon

LED  Aluminized miler photodetector

Figure 5.3: Schematic view of set up in the attenuation measurement of clear fiber.
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Figure 5.4: The result of attenuation measurement in clear fiber. Horizontal axis shows the length

of clear fiber, and vertical is the measured luminosity after transmission in clear fiber with respect
to the light yield of the LED source.
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Lead blocks
10cm thick
(100MeV fo

Trigger Scintillator
36cm X 36¢cm X 0.5cm(t)

Cryostat for VLPC cassette

Figure 5.5: Photograph of the cosmic-ray test stand at DO for prototype tracker (left). Trigger
counters are located upside and downside of the tracker. Light-guides extracted from light-tight
storage tube are attached with the optical connectors mounted on the cyrostat (right).

Station View 3HF concentration (ppm)

A X 5000
A A% 5000
B X 5000
B A% 2500
B W 3500
C X mixture
C W 5000

Table 5.4: List of 3HF concentration at each views in the prototype tracker.
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Figure 5.6: Photograph showing the three stations constructed for the cosmic-ray test.
126 channel / waveguide

bundle of 7X18 clear fibers
bundle of 18 clear fibers
(4meter long, 1.05mm®)

Figure 5.7: External light-guides are directly attached with the station connectors (left) and ex-
tracted from the path panel (right).
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5.3.1.2 Light-guide

Light-guides of 4m-long external light-guides are attached with stations and extracted from the
small patch panel from top side (Figure 5.7).

5.3.1.3 VLPC cryostat

VLPC cryostat used for the cosmic-ray test was needed to supply and return Helium gas externally,
which was used in the DO test stand. MICE have been made new standalone cryostats with
cryocooler to save costs for the infrastructure of external Helium gas flow system. The new designed
cryostat (prototype) have been tested in the KEK beam test in 2007.

5.3.1.4 Trigger counter

Two sets of plastic scintillating counters are located at top and bottom of the prototype tracker,
each are separated by about 2m. The dimension of a scintillator is 36 ¢cm x 36 ¢cm x 0.5 c¢cm
(thickness). On both sides of the scintillator, fish-tale light-guide are attached. A 2-inch PMT is
glued with light-guide. The lead block with 10cm thickness is put on the bottom counter.

5.3.2 Read-out
5.3.2.1 Trigger logic

The discriminated signals from four PMTs and the output signal generated by a pulse generator
DG2020 are ‘AND‘ed at a coincidence module. The signal from the coincidence module is then
directed to the Avenet board, where trigger signal is sent to the AFEII board via a flat cable.

The trigger rate made by two trigger counters is 0.5 Hz and the rate accepted to AFEII board
(L1Accept) is 0.04Hz.

5.3.2.2 Electronics

AFEII board
Four AFEII boards are used for the test. The total number of channels is 2048 (512x4).

VLSB board
Four VLSB boards are slotted in the VME crate and connected with the AFEIIt backplane via
LVDS cables.

5.3.2.3 DAQ and slow control

Both DAQ and slow control are operated by Excel VBA (Visual Basic for Application) developed
by the DO group. The AFEII boards are needed to be initialized before starting data-taking.
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5.3.3 Light-yield measured with different kinds of concentrations of 3HF

The light yield is estimated by dividing pedestal-subtracted ADC counts by a gain. The gain is
defined as ADC counts per one photo-electron, which is measured by another LED run. The typical
ADC distribution measured at a LED run is shown in Figure 4.6.

The light yield on X view at the middle station B is estimated as follows. A linear track is
made using hits on outer stations, A and C. The track is interpolated to the middle station B and
residuals to hit fibers on station B are calculated. The fiber of the smallest residual is chosen and
its light-yield is calculated. The measured light yield on three views at station B are shown in
Figure 5.8.

The result shows that the combination of scintillating fiber and clear fiber selected are good
enough for used at MICE SciFi tracker.

The light-yield distribution measured for each concentration are shown in Figure 5.8 and their
fitted means are summarized in Table 5.5. From this result, the concentration of 3HF is determined
to be 2500 ppm.

Station 3HF concentration (ppm) Light yield (p.e.)

B 5000 10.6 £ 0.3
B 3500 134 £ 04
B 2500 13.6 £ 0.5

Table 5.5: Light-yields measured at the prototype tracker.
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Figure 5.8: Light-yield distribution measured at three different kinds of 3HF concentration at the
cosmic-ray test.

5.4 Beam test at KEK

The prototype tracker have been tested under 1T magnetic fields at the KEK 72 beam line in 2005.
Fourth station has been additionally installed in the prototype tracker tested with cosmic-ray test
in the FNAL. Transverse momentum are made by rotating the spectrometer by 3 or 6 degrees
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with respect to the beam line. Using muons of energy 250 MeV/c , 350 MeV/c and 425 MeV/c,
transverse momentums are measured by reconstructing the tracks.

The setup of the beam test are described at first, then the reconstruction method applied and
the reconstructed momentum distribution are shown.

5.4.1 Setup

Set up of counters and tracker installed in a spectrometer magnet is shown in Figure 5.9;

unit : mm Super JACEE
TI RI AEROGEL = 02
\/ /,pb(5[lmm] ~ '\ AN
TSR .1
33 H |
358 240
8237
8449.6
8479.56
Edge of tracker
not 4th st
10840.8

Figure 5.9: Setup of KEK beam test

5.4.1.1 Trigger counter

A scintillating counter of 5 cm height, 10 cm wide and 2 cm thickness is located at the most
upstream of the experimental area. The scintillating-light is read out by two PMTs attach at both
ends of scintillator.

5.4.1.2 Cherenvkov counter

The cherenkov counter made of seven layers of aerogel block (10cmx10cm 1.1 cm thickness) is
installed to identify electrons and muons at low momentum. A refractive index of aerogel is 1.05.
The aerogel block is mounted in the light-tight box at which inside wall a light reflective material
is coated. Ten PMTs are attached with the box for read-out.

5.4.1.3 TOF hodoscope

A TOF hodoscope is composed of ten slabs of scintillator bars of 40 cm long, 8 cm wide and
2 cm thickness (Figure 5.10). Five slabs are horizontally aligned and another five are vertically
aligned. Each slab is read out by two PMTs, HAMAMATSU R6504S, fine mesh, 2.5 inch, which
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Figure 5.10: Photograph of TOF hodoscope used for the beam test viewed from the upstream.

has tolerance to the magnetic field. A PMT is glued with a light-guides of 52.5 cm long. Two sets
of light-guides are glued with the scintillating bar. The light-guide is designed so that light-yield
loss in light-guide is as much as small to keep the time resolution to 55 ps and a direction of stray
field becomes parallel to the PMT to keep the PMT gain. The magnitude of the magnetic field at
a PMT is estimated to 1.1 KGauss.

5.4.1.4 Beam defining counter

Two sets of scintillating counters of 30 cm diameter with 0.5 mm thickness are located at the
upstream and downstream of the tracker. A beam defining counter is read out by a PMT using
clear-fiber light-guide of about 3m long and fixed with the support frame of the magnet , where
the magnitude of the magnetic field is so small that a PMT can maintain its gain.

5.4.2 Spectrometer
5.4.2.1 Superconducting magnet

The superconducting magnet which produces 1T uniform magnetic field is used. The diameter of
the bore is 85 cm. The prototype is mounted inside of the magnet. On the front of the magnet an
aluminium plate with the TOF hodoscope mounted is attached. The magnet is sit on the support
stand to adjust the height so that the beam passes through the center of the prototype tracker.
Wheels are attached at the bottom of the support stand to change the orientation of the magnet
easily.

5.4.2.2 Prototype tracker

The prototype tracker tested is composed of four stations, three of these are stations used at the
cosmic-ray test at the FNAL. The design of fourth station is almost the same as other three except
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Figure 5.11: Photograph showing aerogel counter used at the beam test

Station B

Station D

Figure 5.12: Schematic view of the prototype tracker of four stations without light-guides attached.
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for the optical connector. This newly designed connector is threaded around the connector so that
connectors can be fixed easily by turning itself, while original one is needed for screws.

Figure 5.13: Photographs showing the construction of the prototype tracker into the light-tight tube
(a), installed into the spectrometer magnet (b), light-guides are being attached on the modules on
the cryostat (c), and the TOF hodoscope is attached at the front of the spectrometer (d).

5.4.2.3 VLPC cassette with cryocooler

New designed and developed cassette with cryocooler for MICE have been tested in the beam test.

5.4.3 Read-out
5.4.3.1 Trigger logic

The trigger (L1Accept) is generated by the coincidence of a beam trigger and a AFEII clock signal.
The beam trigger is generated when the particle passes through T1, any of vertical slabs of the
hodoscope, any of horizontal slabs of the hodoscope and D1 counter. The AFEII clock signal is
generated using DG2020 pulse generator and sent to the AFEIT board. When the timing of the
bream trigger matches the AFEII clock, the L1Accept is generated. The L1Accept signal is then
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transfered to the AFEII board using the Avnet board to perform the digitization and sent data to
the VLSB board.
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Figure 5.14: Trigger logic used for the beam test.

5.4.3.2 Electronics for tracker

AFEII board
Four AFEII boards are used. Each board has 512 channels. Data is transferred to VLSB modules
via LVDS cables.

VLSB board
Four VLSB boards are used, each are connected with the AFE backplane via four LVDS cables.

DG2020 pulse generator
The pulse generator is used for sending external trigger into AFEII boards.

Avnet board
The Avnet board is used to sending external trigger to AFEII board from the trigger counters.



5.4. BEAM TEST AT KEK 95

LED module

\:4

AFEIl board

Figure 5.15: Photograph of AFEII baords used at the beam test. Four boards are connected in
the AFEII backplane on the cryostat. LVDS cables are attached to connect VLSB boards in VME
crate.
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Figure 5.16: Photograph of the VME crate and VME modules used at the beam test.
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5.4.3.3 Electronics for beam monitors

CAEN V792
The CAEN V792N is the charge-sensitive ADC module used to measure pulse height of PMT sig-
nals.

CAEN V1290
The CAEN V1290N is the multihit TDC module of 25 ps resolution used to measure hit timing.

5.4.3.4 DAQ and slow control

The DAQ is implemented based on the UNIDAQ framework, developed by KEK-online group. In
the UNIDAQ), several processes are running in parallel on single machine or multiple machines to
accomplish the task. The NOVA process has buffer and manages data which is transfered among
processes. The collector process read out data stored in CAMAC/VME modules. The receiver
process transfers data to another host if requested. The eventBuilder process merges data which
is recorded in several CAMAC/VME boards to make single event structure. The recorder process
records data in the local disk.

In the test, collectors for VLSB board, CAEN V1290 and CAEN V792 are implemented. The
read-out is carried out at every time when the trigger (L1Accept) reaches to the DAQ system.

The slow control has responsibility to initialize AFEII baords before stating data-taking. This
is done by the EXCEL VBA program on the Windows PC.

5.4.4 Track reconstruction

In order to calculate the transverse emittance, hit positions and transverse and longitudinal mo-
mentums are needed to be solved for individual muons. Hit positions are directly solved by hit
fiber numbers (digitized by the pitch of fibers). Transverse (pr) and longitudinal (pz) momentums
are resolved by reconstructing helical trajectories with software from the hit positions.

Some techniques are proposed for the reconstruction. GAMICE (software tools developed for
MICE) uses Kalman filter algorithm, which considers the effects of multiple scattering and errors of
magnetic fields. In the analysis of the KEK beam test, most simplest algorithm, which reconstructs
muon tracks as helical tracks which is the true in the case no scatterings are observed. This method
will be referred to as ‘helical tracking* in the following. Using this method, muons taken at the beam
test are reconstructed. In chapter 8, the helical tracking will be used to evaluate the systematic
error on emittance measurement.

Next subsections describes on this method briefly and the observed momentum distributions.

5.4.4.1 Helical tracking

Helical motion in the uniform magnetic field along the z-axis can be formed using five parameters as
shown in Figure 5.17). Best values of parameters are determined so as to minimize the ‘chi-squared
function.
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Helical Tracking
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Figure 5.17: Definition of helical fitting parameters and chi-squared function to be minimized. x;,
y; are measured x, y positions and x sy, yri are expected positions which are given by five fitting
parameters, xg, Yo, R, L, and pg. Transverse (pr) and longitudinal (p;) momentum are calculated
by R and L, respectively.

5.4.4.2 Reconstructed momentum distribution

Reconstructed transverse and longitudinal momentums are shown in Figure 5.18 and Figure5.19,
respectively. With respect to the transverse momentum, momentum shifts corresponds to magnet
angles are apparently seen. For the longitudinal momentum, there are agreements with the time
of flight measurement by about 8 %.
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Chapter 6

SciFi1 Tracker Production

6.1 SciFi stations

Fifteen SciF1i stations including spares have been produced with the quality assurance (QA) proce-
dures applied. At the light-yield measurement using a ®”Co gamma-ray source, light yields of more
than 10 photo-electrons have been measured for all the view of the stations. The following sections
describe the processes to produce SciFi stations and also the quality assurance procedures adopted
for the station production.

6.1.1 Fabrication

The SciFi doublet ribbons were built at the Fermi National Accelerator Laboratory (FNAL) in
the USA. The SciFi stations were fabricated from the SciFi doublet ribbons at Imperial College
(IC) London, UK in years of 2008 and 2009. Figure 6.2 shows a picture of the station No.5, which
was firstly constructed at the IC. In following, each procedure of the fabrication held at the IC is
described.

6.1.1.1 Bundling/Connecting

Groups of adjacent seven scintillating fibers were bundled together from a center fiber of a SciFi
doublet. A bundle was threaded through a small rubber tube (Figure 6.3 (a)). After bundling, it
was checked that seven scifis were bundled into rubber tubes in sequence without skipping. This
‘bundling-and-error-check was carried out every after twenty bundles or so were made to minimize
possible corrections. The detail on this test is described in the subsection 6.2.3. Once all the
bundles were made and tested, they were attached with 22-way optical (station) connectors. As
described in section xxx, ten connectors were attached per doublet (view), in two of which has
only 20 channels are used (2 channels are empty). Bundles were threaded into holes on the station
connectors. After that, errors on threading into wrong holes were examined (see Section 6.2.3).

6.1.1.2 Gluing/Polishing

The doublet with the station connectors was then located on the vacuum chuck in such a way that
a center fiber (colored with black) was aligned to the middle of the vacuum chuck. The alignment
was checked by a microscope mounted above the vacuum chuck, then fixed on the vacuum chuck by
evacuating air between them. The station body with glue applied on its circumference was put on

29
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Figure 6.1: Schematic view of station. Scintillating fibers are aligned in three views (ribbons) V,
X and W view, each of them are located every 120 degrees. There are thirteen optical (station)
connectors around the station frame where internal light-guides are attached.

Figure 6.2: Station No.5 for Tracker No.1 firstly produced at Imperial College London. Three back
lines seen in the double layer corresponds to center fibers in each views.
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Fiber doublets

Vacuum chuck

Figure 6.3: The procedures of bundling and connecting are shown. (a) seven scifis are threaded
through a rubber tube. (b) fiber doublet bundled. (c) seven scifis bundled with a tube are threaded
through a hole on a station connector. (d) fiber doublet with station connectors attached is fixed
on the vacuum chuck.
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the doublet (Figure 6.4 (b)) and left until the glue was cured in a day. The procedure was repeated
for another two doublets in sequence in the same way as explained above, except for the angle of
doublets to be glued. Once three doublets were glued on the station body, the station connectors
were attached on the body (Figure 6.4 (c)). The excess fibres were cut so that approximately
25 mm of fiber protruded from the face of the connector. A vacuum cup was then fitted to the
connector and potting adhesive was applied from the rear of the connector. The vacuum applied
ensured that the adhesive penetrated over whole fiber within the bore. After the adhesive were
extruded through the bore, the station was turned over and adhesive was applied on the front face
of the connector (Figure 6.5 (a)). This prevents any movement or vibration in subsequent cutting
and polishing operations. Once glue were cured, fiber excess and cured adhesive were cut at a
distance of 2-3 mm from the surface of the connector (Figure 6.5 (b)).

Finally, the surface of the connectors were polished using a diamond-tipped tool. Figure 6.5
(d) shows a close-up view of polished fibers observed by a microscope, in which clad layer of fiber
is clearly seen.

e

Station body ’,

-

Figure 6.4: (a) Adhesive is applied on the circumference of a station body. (b) A station body
with glue applied is put on first scifi doublet which is fixed and aligned to the vacuum chuck. (c) A
station body with three scifi doublets glued and optical connectors potted. (d) Photograph showing
in detail the fiber run from the double layer to the station connector.
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Figure 6.5: (a) A station connector after adhesive is applied. (b) A station connector after excess
fibers are cut away. (c) The surface of a station connector after polishing. (d) The microscope view
to show seven scifis in one channel.
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6.1.2 Quality assurance

Errors on bundling or connecting were checked by illuminating scintillating fibers with LED lights
and observing transmitted lights with a CCD camera. The light yield measurement was performed
for the produced stations using a °"Co gamma-ray source.

6.1.2.1 Ensuring of bundling/connecting with a LED-CCD system

LED scanning was performed twice after the bundling and connector rings to ensure that each of
those was correctly operated. After bundling, two items were checked; (i) the number of scintillating
fibers in a bundle is seven (ii) the scintillating fibers were correctly bundled without any skips or
reverses. On the other hand, after connecting it was checked that each bundles was threaded into
the correct channels.

A LED whose emission peak is 405 nm was used to excite scintillating fibers. The LED was
mounted on the top of the structure frame, in which focusing lenses were assembled. The optical
system is carried by a linear stage, with a total travel of 750 mm and a precision of 10 um to scan
the fibers. The focused light was directed to the fiber doublet fixed on the vacuum chuck. The
transmitted light was recorded by the CCD camera, Toshiba CS8620Ci (Figure 6.6).

The stage was moved at a constant speed of 1,250 um/s and the images were recorded at 24.98
frame per second (i.e. 50 ym per frame). The diameter of the fiber core is 308 um (88% of fiber
diameter) and therefore the illumination in a fiber was observed at six frames with a point-like
light.

To examine bundles and station connectors by viewing with a camera, a comb with fourteen
grooves and a bridge with ten grooves were employed. The arrangement of the bundles in the comb
and the station connectors in the bridge are shown in Figure 6.7.

The fiber identification was made by software (Figure 6.10). In Figure 6.11, the identified fibers
are represented with different colors. The intensity on each fiber was then estimated by summing
intensities of nine pixels around the fiber center.

The measured intensity on each fiber is shown as a function of frame number at top of Figure
6.11. From Figure 6.11, it is seen that illumination in each fiber is found to spread in about ten
frames for the top fibers, and twenty frames for the bottom fibers. Also, it is seen that the intensity
at bottom fibers is about half of that for top fibers. This is caused by the light absorption by the
top fibers and adhesives in between.

To investigate the above items, a peak of the frame number was estimated for each fibers, which
was calculated by averaging the frame numbers where the intensity became half of the maximum.
The bundle numbers are shown as a function of peak values at bottom of Figure 6.11. From this, it
is found that the number of fibers in bundles are seven and no skipping or reversing are identified.

The same scanning and analysis were carried out after the bundles were connected into holes
on the station connectors.

6.1.2.2 Light-yield measurement with a °"Co radio-active source

Light yields of the stations built were measured with VLPCs using a °"Co radioactive source,
emitting 122-keV gamma-rays, at Imperial College London. The VLPCs were cooled by a two-
cassette cryostat with a cryocooler, which was the same as used at the beam test at KEK (Figure
6.13 (a)). Two AFEIIt boards (1024 channels) were used for the test. Five external light-guides
were attached at the DO warm ends on the cryostat with optical grease applied and covered with
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Figure 6.6: (a) Schematic diagram of the QA system. (b) Photograph of the station assembly QA
setup. The optical system is attached to a linear stage and held over the plane of scifi doublet to
illuminate the channels in sequence. (c¢) Photograph showing bundles aligned in the comb are set
in front of CCD camera. (d) Photograph showing station connectors in the bridge are faced with
the CCD camera.
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Figure 6.7: (a) Fiber doublet and the comb located on the vacuum chuck. (b) Close-up view of the
comb. (¢) The comb used for the QA. There are fourteen grooves to stack fiber bundles.

Figure 6.8: (a) Fiber doublet and the bridge on the vacuum check. (b) Close-up view of the bridge.
(¢) The bridge used for the QA. There are ten grooves to put station connectors.
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Arrangement of fiber bundles in the comb
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Figure 6.9: (a) Arrangement of fiber bundles in the comb in which fourteen grooves are made.
Fiber bundles stacked in grooves are described. (b) Arrangement of station connectors in the
bridge. Station connectors put on grooves are described.

a black-out sheet. The other ends were connected with bulkhead connectors of the internal light-
guides with optical grease applied.

Five internal light-guides, six station stands to hold a station body and a x-y linear guide were
set in the QA box (Figure 6.13 (b)). The station to be tested was put on the stands and fixed
with screws. The height of the stand was adjusted to be about 15 cm to make sufficient distance
from the bottom not to damage light-guide during the procedure of attaching light-guides. Station
connectors were attached to the station with optical grease applied (Figure 6.13 (c¢)). An arm,
on the top of which the source was mounted, was fixed with the linear guide so as to make the
distance of lcm from the surface of the station (Figure 6.13 (d)). In order to illuminate all the
scintillating fibers, total 28 scanned positions were made (Figure 6.12). The location of the source
was determined by the x and y positions of the guide which were controlled from the PC.

Data was taken with a self trigger by 50 k events at each point. The trigger rate was 38 Hz. It
took eleven hours to complete QA for one station from assembly to measurements of light yields.

Light-yields for fibers, which was under the source, were calculated in the same way as described
in section 5.3.3. A typical light-yield distribution is shown in Figure 6.14. The peak seen around
at 11 p.e. is considered as the signals by cosmic-rays. Events triggered by 122 keV gamma-rays
(compton edge is around 9 p.e.) are considered as small compared with cosmic-rays. The peak
seen around at 3 p.e. is considered as VLPC thermal noises (see Figure 6.15). The light-yields
as a function of the fiber number for the station No.5 is shown in Figure 6.16. Differences of
light-yields seen in Figure 6.16 can be caused by that of the transmission in the light-guides, since
the same structure was seen in other stations. The quality assurance was not applied for the
light-guides (serial numbers are from No.1 to No.5) used for that test, therefore, some channels of
poor transmission could be included in those light-guides. Table 6.1 summarizes the fitted means
averaged in each view for the stations used for the trackers of No.1 and No.2. In all the views,
light-yields of more than 10 photo-electrons were observed.
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Figure 6.10: CCD images of bundles in the comb (top left) and a station connector in the bridge
(top right). In bottom, scifis in each bundle identified by software are shown with seven colors.
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Station A% X w

5 10.95 | 12.36 | 11.29
6 10.81 | 12.32 | 11.43
7 10.91 | 12.15 | 11.38
9 10.77 | 12.06 | 11.21
10 10.81 | 11.99 | 11.28
11 10.78 | 12.01 | 11.31
12 10.89 | 12.04 | 11.27
13 10.88 | 12.04 | 11.23
14 10.73 | 12.06 | 11.22
15 10.70 | 12.03 | 11.18

Table 6.1: Result of light-yield measurement for stations used for the tracker No.1 and No.2. First
column indicates the serial number of stations. The average of fitted means in V , X and W view
are shown in the following columns, respectively.
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Figure 6.11: Measured intensity versus frame number (top). The peak is calculated by averaging
frame numbers where intensities are half of the maximum in the fiber. The bundle number versus
In each bundle, seven scifis are observed and no skipping or swapping

the peak value (bottom).
are found.
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Figure 6.12: Drawings showing scanning pattern applied at station QA.

6.2 Light-guides

Light-guides used for the MICE SciFi trackers were designed at Osaka University, Japan. The light-
guides were fabricated at the G-tech company, Japan. Quality Assurance (QA) procedures were
applied to light-guides fabricated at Osaka University. Light-guides were polished at the FNAL and
then shipped to the RAL to perform the cosmic-ray test. In the following sections, the processes
of making light-guides and procedures of quality assurance for light-guides are described.

6.2.1 Fabrication

Four-meter lengths of clear fibers were cut with a margin of 10cm from the spool on which they
were delivered by the manufacturer (Kuraray). First, good clear fibers were selected (see below).
Clear fibers of good qualities were then cut into two, one is for the internal and the other is for the
external. Clear fibers were threaded in holes on the optical connectors at the both ends. Potential
errors on threading into wrong holes were checked once a gluing was finished (see below). The light-
guides were polished briefly to measure transmittances of clear fibers at Osaka University, Japan.
Figure 6.17 shows the process of assembling of an internal light-guide in the G-tech company, Japan.
Light-guides were shipped to the FNAL to apply final polishing by a diamond cutter.

These processes will be described in detail as follows.
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Station
connector

Figure 6.13: (a) Setup of the light-yield measurement in the lab at the Imperial College London.
In the middle, the two-cassette VLPC cryostat with cryocooler is placed. The cryocooler and the
compressor, shown in the right, are connected by two tubes in which helium is supplied or returned.
On the cryostat, two AFEIIt boards are mounted. External light guides are attached on the warm
end of the cryostat. The station to be tested is set in the QA box shown in the left. A patch
pannel used when vacuuming cryostat, a temperature controller and a VME crate are located in
the rack shown in the left. (b) Inside view of the QA box before mounting a station on support
stands. (c) A station mounted on the support stands after light-guides are attached (viewed from
the bottom). (d) Completed setup for the measurement. A °"Co radio-active source is mounted on
top of an arm, from which collimated gamma-rays of 122-keV are emitted toward the station.
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Figure 6.14: A typical light-yield distribution observed at fiber under the source. The peak around
at 12 p.e. is considered as cosmic-rays and the peak around 3 p.e. is considered as VLPC thermal
noise. The amount of events by 122 keV gamma-rays are considered as small compared as cosmic-
rays (compton edge is around 9 p.e.). The red hatched histogram corresponds to ADC-saturated
events.

Serial Number Tracker Station Internal External

6-10 1 5 1500 mm 2500 mm
16-20 1 4 1950 mm 2050 mm
21-25 1 3 2250 mm 1750 mm
26-30 1 1 2600 mm 1400 mm
31-35 1 2 2400 mm 1600 mm
36-40 2 ) 1500 mm 2500 mm
41-45 2 4 1950 mm 2050 mm
46-50 2 3 2250 mm 1750 mm
51-55 2 2 2400 mm 1600 mm
56-60 2 1 2600 mm 1400 mm

Table 6.2: List of light-guide length. Serial number is the number marked at connectors. Tracker
1 is for upstream and 2 for downstream. Station 5 is located nearest from patch panel, and station
1 is farthest from patch panel.
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Figure 6.15: Light-yields distributions of a fiber under the source (black) and the apart from the
source (light purple). Signals below 5 p.e. are considered as VLPC thermal noise.

6.2.1.1 Good-fiber selection

Good clear fibers were selected in the following way. A bundle of 225 fibers of four meters was
connected with cookies (15x15 holes) at each end and then glued.

First, possible presence of kinks or cracks produced in handling the light-guides during manu-
facture were examined. The surface of each connector was exposed to a strobe light and reflected
lights were recorded in a photograph taken with a digital camera. An example of such a photo-
graph, showing evidence of a damage in one fiber, is shown in Figure 6.18. The damaged channel
can be clearly identified in the photograph where the injected light is reflected from the damage
position in the fiber.

Next, the transmittance of clear fibers were measured and the fibers whose transmittances were
lower than 90% were rejected. Details of transmittance measurement are described in the section
below.

Finally, cookies were cut off. Bad fibers found at these test were further investigated to search
for cracks in fibers. When cracks were found in fibers, the fibers were cut off to remove those cracks.
Those shorten fibers were re-used to make spare light-guides.

6.2.1.2 Assembling

Using good clear fibers, internal and external light-guides were produced. For internal light-guides,
a locking ring was threaded to a bundle of clear fibers. Then clear fibers were threaded one by one
in their holes on the optical connectors at both ends. The errors on threading wrong holes were
later investigated by the test described in below.
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Figure 6.16: Fitted means versus fiber number for the station No.5. In each view, fitted mean of
light yield in a fiber under the source are plotted. The variety of light yield found in each view is
considered as that of transmission in light-guides as explained in text.
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Figure 6.17: Photograph of an assembling of an internal light-guide at the G-tech company, Japan.
A bundle of fibers used for one light-guide is shown (top left). An internal light-guide is being
attached with connectors (top right). A glue is applied on a bulkhead connector (bottom left). A
glued connector is being polished (bottom right).

Figure 6.18: Picture of a bulkhead connector taken at the reflection-light test. A reflected light is
clearly seen in a channel.
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For external light-guides, flexible tubes and heat-shrink tubes are threaded to a bundle of clear
fibers. The optical connectors and those adjacent connectors were assembled and glued. Then
clear fibers were threaded one by one in their holes on optical connectors as internal light-guide.
Heat-shrink tubes were finally heated after a gluing was finished.

6.2.1.3 Gluing

A first gluing was applied from the rear of the connector. The gluing was fluid enough to run
through a hole so that the vacuum suction was not applied. The gluing was cured in a day. A
second gluing was applied from the font of the connector to ensure that fibers to be cut away were
fixed tightly not to vibrate and damaged during polishing.

6.2.1.4 Polishing

After the glue was cured, the connectors were polished briefly at G-tech company. Then transmit-
tance measurement for light-guides were performed at Osaka University. Finally, light-guides were
polished with diamond cutter at the FNAL.

6.2.2 Quality assurance

The quality assurance procedures were applied for light-guides in the following way. The trans-
mittances of clear fibers were measured (see below). The total number of channels to be test was
15,744 and that of channels whose transmittances were lower than 90% was 69, or 0.4% of the total.

The assignment of clear fibers (mapping) was then ensured (see blow). The errors on the
mapping were found at 4 out of 123 light-guides, which is used for the analysis.

6.2.2.1 Transmittance measurement with a LED-CCD system

The bundle of fibers was illuminated using a diffuse source of green light (see Figure 6.19). The
LED and diffusers were installed in the LED box. Central lights in the region of 6x6cm were used
to get an uniform amount of light, The variation in light transmittance from fiber to fiber was
measured to be less than 10%. The optical connector was locked with the LED box using a jig.
Three kinds of jigs were prepared for a test cookie, external (D0) and internal connector (3A). In
the effective area of 6x6cm, only four connectors out of six were attached at a time, therefore two
measurements were made for an internal light-guide. The light transmitted along the light-guide
was observed with a CCD camera, OLYMPUS E-10. An optical connector at the other end was
fixed with a support jig. Two kinds of support jigs were prepared for test cookie and external (2A)
or internal (1A) connector. The CCD camera was located apart from the connector as close as
possible to get a focus. The connector attached with a support jig and the camera were mounted
on the same board and shielded from the room light using a light-tight box. The light-guide and
the LED box were shielded using a black-out sheet.

A sample image taken with the camera is shown at left-bottom in Figure 6.19. An images was
recorded with the format, ORF (Olympus Raw image Format). Intensities of the green component
for all pixels were extracted from a raw image. A pedestal was calculated by averaging intensi-
ties in the image. Then, for each channels, square regions were defined and pedestal-subtracted
intensities in these regions were summed to estimate light-yields (see bottom right in Figure 6.19)
. The transmissions were calculated by normalizing the light-yields with the peak value which was
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calculated by fitting with the Gaussian distribution. The transmissions for internal and external
light-guides are shown in Figure 6.19. From the result, the portion of channels whose transmissions
are smaller than 90% is 0.4%.

6.2.2.2 Ensuring of channel assignment

The ensuring of channel assignment was made in the following way. From surface of a connector a
light was injected using a piece of clear fiber channel by channel from No.1 to No.128. The moving
image was recorded by a camera to check that all of channels were shined in the expected order.
The assignment of channels (mapping) were established by examine the image. The mapping errors
found at four light-guides. The details are as follows. The channel No.109 and No.110 in internal
No.6 are swapped. The channel No.65 and No.76 in internal No.10 are swapped. The channel
ordering is reversed (No.l for No.128 etc.) in External No.30 and No.56.

6.3 Tracker assembling and installation

The installation of the tracker into the spectrometer solenoid bore will have to be carried out in
UV-filtered light to avoid any degradation of the scintillating fibers.

When on the platform, the frame that will support the internal light-guides during the installa-
tion will be attached to the tracker via a flexible coupling to ensure that no stresses are transferred
to the tracker during the fitting of the internal light-guides (Figure 6.23). The light-guide connec-
tions will be checked to ensure that the light-guides are correctly positioned and labelled.

With the internal light-guides attached, the tracker assembly (consisting of the tracker, the light-
guide support, and the light-guides) is ready for installation. If necessary, the tracker assembly can
be stored in an extended light-tight storage tube for installation at a later date. For cosmic-ray
tests, the storage tube will be used as light-tight box.

For installation, the complete tracker assembly is slid into the solenoid bore to the correct z
position. The tracker will sit on four adjustable feet, two at each end. The adjustable feet will
be used to align the tracker with the magnetic axis of the solenoid. Once this has been done,
the location bracket will be fitted. The location bracket locks the tracker in the z and azimuthal
positions (Figure 6.24).

The light-guides will now be removed one-by-one from the support frame and fitted into the
patch panel. This is a procedure that requires great care to ensure that the fiber are not damaged
and a collar will be fitted to ensure that the bore is kept clear (Figure 6.26). Finally, the patch-
panel cover will be fitted and, if the external light-guides are to be fitted at a later stage, the patch
panel connectors will have their light-tight caps fitted.
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Figure 6.19: Schematic illustration of the setup for the transmission test is shown (top). The LED
and diffuser was installed in the LED box (not shown in this picture). The connector on the left
hand was fixed with the LED box using a jig. The connector on the right hand was fixed with a
support jig. The connector fixed with the support jig and a CCD camera were set in a light-tight
box. A sample image taken by the CCD camera is shown (left-bottom). Green-light spots are seen
in the middle. The light-yield for these channels are calculated (right-bottom).

Entries 6400
- _ Mean 1.001
10° Intarnal Light-guide RMS 0.02274
10? 12 (0.2%) <—
10
1 . . i non et i
0 0.2 0.4 0.6 0.8 1 1.2
Ratio
Entries 6400
o R B Mean 1
10° L External Light-guide RMS 0.03097
10? ;* 37 (0.8%) <—]
10 E
. R L
0 0.2 0.4 0.6 0.8 1 1.2
Ratio

Figure 6.20: Transmission histograms measured by the test for internal (top) and external (bottom)
light-guides. The ratio of channels whose transmissions are smaller than 90% is 0.2% for internal
light-guide and 0.8% for external one.
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Figure 6.21: Snapshot of the moving image of a bulkhead connector taken for the test of channel
assignment. The channel being tested is seen in the middle on the connector.

Figure 6.22: Photograph showing a tracker of five stations each are fixed with station support
frame.
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Figure 6.23: Photograph showing internal light-guides are carefully being attached with the Station
No.5.
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Figure 6.24: Station alignment mechanism. The part shown in green will be dowelled to the
spectrometer solenoid end plate. At the narrow end of the part, inside the bore of the solenoid, a
locking mechanism will be used to locate the tracker in z and in azimuth.
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Figure 6.25: Photograph showing that the SciFi tracker with the internal light-guides is being
installed into the light-tight storage box for cosmic-ray test.

Figure 6.26: Photograph of the internal light-guides supported within the patch panel. The pho-
tograph was taken at the end of the assembly of the first tracker in the cosmic test stand. The
light-guides are held out of the tracking volume using a sprung carbon-fiber collar inserted into the
bore.
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Chapter 7

Study of Performance of SciFi
Trackers

The SciFi tracker No.1 has been tested with cosmic-rays at the RAL in 2008, and tracker No.2 at
the RAL in 2009. At first, a setup of the test bench for cosmic-ray test is explained. Secondary,
implementations of softwares for a tracker slow control and DAQ are described. Thirdly, the
procedures of analysis for the cosmic-ray data is described, and the performances are presented
for Trackers No.1 and No.2 in particular their alignments and efficiencies, which are important for
resolutions of momentum measurements, are examined.

7.1 Setup of cosmic-ray test

The trackers were placed in the support stand vertically with respect to the ground floor. The patch
panel was horizontally attached at the top of the tracker. The cryostats for the VLPC readout (No.1
and No.2 for Tracker No.1 and No.3 and No.4 for Tracker No.2) were located beside the support
stand (Figure 7.1). The cryocooler on the cryostat, which was used to cool the two cryostats, was
connected with flex tubes (supply/return) with a Sumitomo helium compressor. Water was used
to cool the compressors during the operation (Figure 7.3).

External light-guides were attached with optical connectors at the patch panel. The other ends
were connected with the optical connectors on the cryostat with optical grease applied (Figure 7.4).
The connection assignment of the external light-guides to the optical connectors on cryostat for
Tracker No.1 and No.2 are summarized in Figure 7.15.

Plastic scintillating counters prepared by the FNAL were used for trigger counters (Figure 7.5).
At both of the top and bottom, two plastic scintillation counters were put together with 90 degrees
rotation one another to define a fiducial area of 30cm diameter circle of the stations. A distance
between the top and bottom counters was approximately 200cm. Lead blocks were put above
the bottom counters in order to select high-energy muons by coincidence of the top and bottom
counters.

7.2 Tracker read-out

Electronics used for the test was described in Subsection 7.2.1. The trigger logic is described
in Subsection 7.2.2. The implementations of the tracker slow control and DAQ are described in

83
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Figure 7.2: Tracker No.2 are in place at Lab7 experimental room in the RAL.
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Figure 7.3: (a) Photograph of the cryostat No.1. On the back side of the cryostat, the AFE back
plane is attached. Four AFEIIt boards are attached. The HV supply unit is located under the
cryostat. In the middle, the cryocooler with two flex tubes (return/supply) is mounted. The flex
tubes are connected with the compressor unit located behind the cryostat. The compressors are
water-cooled during the operation. The water is being cooled by the chiller (not shown here).
Temperature sensors are connected on the lid of the cryostat. The other ends are connected to
the Oxford temperature controller in the rack. The pressure monitor is attached on the side of
the cryostat. At the other side of the cryostat, the vacuum pump is attached. On the front of
the cryostat, the lid temperature and low pressure alarm unit is attached. (b) Photograph of the
AFEIIt board mounted on the cryostat. The external trigger (LIACCEPT) is injected to the board
directly to the board. (c) Photograph of the AFE back plane. The HV cables, LVDS cables and
MIL-1553 cable are connected with the back plane.
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Figure 7.4: Photographs shows the attachment of external light-guides. An external light-guide
is being attached with the bulkhead connector with optical grease applied at the path panel by
turning the locking ring (a). The patch panel with external light-guides attached, viewed from the
cryostat No.2 (b). With optical greases applied on the surface of the DO connector (c), external
light-guides are fixed on the cryostat with two screws (d).
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Patch panel

Figure 7.5: (a) Two sets of scintillating counters manufactured at the FNAL. Each are put together
with 90 degrees rotation as shown to define a circle of 30cm. Those will be attached with PMTs
and shielded with black-out tape. (b) Trigger counters located on the patch panel. (c) Trigger
counters located under the tracker. Lead blocks are put on the counter.



88 CHAPTER 7. STUDY OF PERFORMANCE OF SCIFI TRACKERS

Subsection 7.2.3 and 7.2.4.

7.2.1 Electronics

21 1V
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Figure 7.6: Photograph shows the creates used for the test. The left-hand is the NIM crate to make
triggers, and right-hand is the VME crate to operate AFEIIt boards and take data. The details on
the boards installed in the creates are described in text.

Figure 7.6 shows a photograph of the DAQ crates. The rack at the right hand was a VME crate
to operate the AFEIIt boards and take data, while the one at the left hand rack had a NIM crate
to make trigger signals.

The boards (modules) used for the test are described as follows. The descriptions of boards
related with the tracker DAQ are described in Section 4.3.2.

AFEIIt board
Eight AFEIIt boards were installed on the VLPC cryostats, each of which were connected via four
LVDS cables with the VLSB boards.

VLSB slave board
Eight VLSB boards were installed in the VME crate to store tracker data sent from the AFEIIt
boards.
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VLSB master board
One VLSB master board was used to send trigger signal to AFEIIt boards. The input (TTL) was
the output of the T560 module. The output (TTL) was sent to the VME Fan In/Out board.

MIL-1553 board
The MIL-1553 board was connected to the back plane on the cryostat via the serial cable. One
channel was for the cryostat No.1 and another was for the cryostat No.2.

CAEN V799 board

The CAEN V799 board (16 Channel Input/Output Register) was used in order to control the
trigger signal. The input (NIM) was the output from the coincidence module. The output (NIM)
was directed to the VETO channel of the coincidence module.

CAEN V792N board

The CAEN V792N board (16 Channel Multievent QDC) was used in order to measure the energy
deposit in trigger counters. The input to the gate channel (NIM) was the output from the gate
generator module. The width of the input was set to 100 nsec. The anode signals from PMTs were
connected with the channels (from No.1 to No.4) via LEMO-cables.

T560 delay module
The HIGHLAND T560 delay module was used to adjust the timing of the trigger. The pro-
grammable delay was set via the Ethernet.

7.2.2 'Trigger logic

The diagram of the trigger logic is shown in Figure 7.7.

The four outputs of PMTs were discriminated and forwarded to the coincidence module, where
signals were ‘and‘ed. The output of the coincidence module (NIM) was forwarded to the CAEN
V977 board. One of the output of the CAEN V977 board (NIM) was sent back to the coincidence
module (VETO), which was generated by the hardware soon after the trigger signal was sent to
the input. Another output (NIM) was converted from NIM to TTL at a NIM module then sent to
the HIGHLAND T560 delay module. The output of the delay module T560 (TTL) was injected to
the VLSB master board. The output of the VLSB master board (TTL) was divided by the VME
Fan In/Out modules then sent to the AFEIIt boards (LIACCEPT).

The trigger was repeatedly checked if it had been arrived at the CAEN V977 board and been
accepted at the VLSB master board in the DAQ (busy wait). The details are described in the
VLSB master board in Section 4.3.2.3.

7.2.2.1 Timing adjustment

There was a need to adjust the timing of the trigger signal sent to the AFEIIt boards. As noted
in Section 4.3.2, the Trip-t chip on the AFEIIt board sampled the output electric charges from
VLPCs and stored them into buffers (made of capacitor arrays) in the pipeline. Upon reception of
external trigger signals (LIACCEPT), the Tipt-t started to digitize the electric charges stored in
the buffer, of which location is determined by the timing of LIACCEPT. By adjusting the timing
of LIACCEPT to be at off time, the signal-stored buffer can be obtained.
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Figure 7.7: Diagram of the trigger logic for the cosmic-ray test. The solid arrow indicates the signal
flow by the board (NIM(blue), TTL(green), LVDS(light-blue)), while the dashed arrow indicates
the command flow by the DAQ. The solid square means the name of the board (module), while
the dashed square means the name of the function in the DAQ. The number beside the arrow
corresponds to the order of the access. The actual operation in each command is described in the
VLSB master board in the section xxx.

The strategy of the timing adjustment was as follows (Figure 7.8). First, the correct timing
was investigated using LED lights. The tuning parameters were set at the VLSB master board via
the VME access. Next, the time difference expected at the setup of the cosmic-ray measurements
was estimated as follows. The time (T2-T1) and (T3-T1) at the LED measurements corresponded
to the time (T6-T5) and (T3-T5) at the cosmic-ray test, respectively. The timing difference was
therefore calibrated by setting the delay by the time ((T3-T5)-(T3-T1))-((T6-T5)-(T2-T1)).

To make sure that the adjustment was made correctly, cosmic-ray data were taken with several
different timings around the calculated timing by changing additional delay of timing at the T560
delay module. The measured light-yield as a function of additional delay timing is shown in Figure
7.9. From this, the delay was set to the 862 ns where the maximum light-yields were obtained.

7.2.3 Tracker slow control

Figure 7.10 describes the process variables implemented for the AFEIIt board. When AFEIIt
clients write the value 1 to CONFIG-XXX PVs (XXX indicates the target to be initialized), the
AFEIIt server does access to the AFEIIt board to perform the initialization. If it succeeds, those
PVs are changed to 1. If it fails, the error is raised to the clients and the process is terminated. If
ALL is specified, all of the boards are configured.

When the clients read the CONFIG-XXX PVs, the AFEIIt server just returns the corresponding
PVs to the clients. The value 1 means ”configured”. Prior to the data-taking, the tracker DAQ
must read this PV to check whether all of the boards have been configured.

The trigger for the AFEIIt board is enabled (disabled) by writing 1 (0) to the PV, TRIG-
ENABLE. The trigger mode is needed to be changed by the DAQ every after the trigger is received
to the AFEIIt boards. The procedure of changing the trigger mode is described in the next
subsection.
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Figure 7.8: Setup (left) and timing chart (right) for the trigger timing adjustment. Blue lines
indicates the BNC (LEMO) cables and green lines indicates the light-guide (external-+internal). In
the setup of the LED measurement, the trigger from the pulser is transfered to the VLSB master
board. The L1Accept signal is then transfered to the AFEIIt board. In the setup of the cosmic-ray
test, the coincidence signal is transfered to the delay module T560 before the VLSB master board
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Figure 7.9: Light-yield as a function of the delay. The maximum light-yield is expected at 862 ns
delay.
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Cassette PV Type Data Type | Size | Write Functionality Read Functionality
CONFIG-ALL aitInt8 1 Write “1": all current description Get configuration state of all
parameters written to Cassette Cassette subsystems (1 =
configured)
CONFIG-BOARD aitInt8 1 Write “1": current Board Get Cassette Board configuration
Description parameters written to | state (1 = configured)
Cassette
CONFIG-TRIPTS aitInt8 1 Write “1"; current TriPt Get Cassette TriPt configuration
Description parameters written to | state (1 = configured)
Cassette
CONFIG-BIAS aitint8 1 Write “1"; current Bias Get Cassette Bias configuration
Description parameters written to | state (1 = configured)
Cassette
CONFIG-CRYO aitint8 1 Write “1"; current Cryo Get Cassette Cryo configuration
Description parameters written to | state (1 = configured)
Cassette
TRIG-ENABLE aitint8 1 Write “1": enable triggers Get trigger enable state (1 =
Write “0": disable triggers enabled)
TEMP aitFloathd 8 N/A (read only) Get MCM temperatures
HEATER aitUint16 & N/A (read only) Get MCM heater values
CRYO-DESC aitFixedString | 500 Set Cryo Description XML string Get Cryo Description XML string
STATUS-READ- aitint8 1 Write “1": enable status Get status monitoring enable state
ENABLE monitoring (1= enabled)
Write “0": disable status
monitoring
STATUS-READ- aitlnt8 1 N/A (read only) Get status monitoring enable state
ENABLED (1= enabled)

Figure 7.10: List of process

variables (PVs) for the tracker slow control.
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By reading the PV, TEMP (HEATER), the AFEIIt clients know the current temperatures
(heater values) of the cassettes. At each time when the clients read this PV, the server accesses to
the AFEIIt board to get the value. In the cosmic-ray test, cassette temperatures and heater values
were read out by the DAQ and recorded in the DATE events to test this functionality. Usually, as
at the MICE physics runs, these cassette information are read out by the monitoring process (not
by DAQ) once after the cryostats are cooled down to monitor that temperatures are stable at 9K.

7.2.4 Tracker DAQ

The equipments of the tracker DAQ implemented for the cosmic-ray test with their parameters
defined in the database are described in Figure 7.11. When the ‘start process‘ starts, the Arm
functions of these equipments are called to initialize their boards. When the DAQ starts, the
process stops at the EventArrived function, where the trigger is waited (busy wait). When the
trigger is accepted, the Read functions of the CAEN V792N board, the AFEIlt and VLSB slave
board are called in sequence to read the data. This process is repeated until the number of triggers
reaches at the maximum number defined in the database, and then the DisArm functions of these
equipments are issued.

The functionalities of these equipments are as follows. The VME bus adaptor is an interface
board between the PCI bus and the VME bus. The AFE is the AFEIIt CA client for EPICS
to manage its initialization, the trigger mode and monitoring of the cassettes. The CAEN V799
board controls the VETO signal and checks whether the trigger is arrived. The CAEN V792N
baord records ADCs which correspond to deposit energies in the trigger counters. The VLSB
master board generates the trigger signal (LIACCEPT) which is sent to the AFIIt boards and
controls the VLSB slave boards. The VLSB slave boards store tracker data transfered from the
AFEIIt boards into their memory banks.

The followings describes their functions in detail.

VME bus adaptor
Open (close) the device file in the Arm (DisArm) function.

CAEN V799 board
The board initializes the board in the Arm function. This is handled by the VLSB master board
in its EventArrived function to clear the output register.

CAEN V792N board
The board initializes the board in the Arm function. In the Read function, ADCs at 16 channels
(4 channels are connected to the PMTs) are read out, then the board is reset for the next trigger.

AFEIIt board
The board requests the status of the initialization to the AFEIIt CA server in the Arm function.
If the AFEIIt boards are not initialized, the DAQ terminates with an error informing the message.
In the current implementation, the initialization at the first time is performed independently from
the DAQ.

In Read function, ask to the AFEIIt CA server to get the temperature and heater values of the
cassettes. In future MICE physics runs, this function will be disabled.

This board is also handled by the VLSB master board in its EventArrived function to set the
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List of equipments

Name Description ID |D |T |#/pars
VME VME bus adapter 40 |0 |0 |O
AFE AFEIIt boards 50 (1 |0 |1
V977 CAEN I/O Register 60 |0 |1 |2
V792N CAEN QDC (16ch-lemo) 70 (1 |0 |2
VLSBSlave VLSB board 80 |1 [0 |6
VLSBMaster VLSB trigger board/ 90 (0 |1 |10
VLSBSlave controller
List of parameters
V977 VLSB Master VLSB Slave
BaseAddress BaseAddress ID
ID Spill_duration AFENum
Trigger_period CASSETTE
V792N MaxEvents RT
Veto_gate_delay BaseAddress
BaseAddress Veto_gate_period BaseAddressOf1553
Chan Veto_window
Fast_clear
AFE Cont_spill
DesciptionFile Trig_mode
Trig_location

Figure 7.11: List of equipments (above) and their parameters (bottom) implemented for the cosmic-
ray test. The fourth column (ID) in the above indicates the unique number defined in each equip-
ment. The Arm (DisArm) functions are called in sequence according to this number in ascending
(descending) order. The fifth column (D) in the above indicates that its equipment generates data
or not (If so, its ReadEvent function is called). In the cosmic-ray test, three boards (AFE, V792N
and VLSB) have data to be recorded into the DATE events. The sixth column (T) in the above
indicates that its equipment generates trigger or not (If so, its EventArrived function is called).
The seventh column in the above shows the number of parameter defined in the database.
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trigger disabled.

VLSB master board

In the Arm function, the VLSB master board are initialize using their parameters defined in the
database. Then, it sets the V977 board be BUSY (VETO) to prevent the next trigger being injected
until the AFEIIt and VLSB boards are ready. The AFEIIt and VLSB slave boards are set the
trigger disabled.

In the EventArrived function, the AFEIIt and VLSB slave boards are set the trigger enabled.
Then, the trigger is waited in the ‘while loop‘ as below (busy wait). (1) Clear the VETO at the
V977 board by reseting the output register. (2) Check the trigger at the V977 board by reading
the input register. (3) Once the trigger is arrived at the V977 board, read the VLSB master board
to check whether the trigger is accepted by reading the relevant register. If the trigger is accepted
at the VLSB master board, then break ‘while loop‘, otherwise repeat ‘while loop‘. Finally, the
AFEIIt and VLSB slave boards are set the trigger disabled before returning the function.

In the DisArm function, both the AFEIlt and VLSB slave boards are set the trigger disabled.

VLSB slave board

In the Arm function, the VLSB slave board is initialized and the trigger is disabled. In the Read

function, the VLSB buffers are read out, then cleared. The data format is shown in Figure 7.12.
This board is also handled by the VLSB master board in its EventArrived function to set the

trigger disabled.

7.3 Data taking

Data taking for Tracker No.1 have been started from July 7th 2008 until October 19th 2008 at the
RS8 in the RAL. Data taking for Tracker No.2 have been started from May 26th 2009 until July
2nd 2009 at the Lab7 in the RAL. The trigger rate (coincidence of trigger counters and L1Accept
trigger signal) was about 0.03 Hz. The total number of triggers was 15,323 for Tracker No.l and
4,049 for Tracker No.2.

DATE DAQ run at the last of the test of Tracker No.1 in order to test the DAQ system itself.
Most of data were taken by EXCEL based DAQ. The EXCEL DAQ is the standalone readout
system for tracker and not suitable for fast readout, but still good system at tests of a slow trigger
rate such as cosmic-ray test.

7.4 Data analysis

This section describes a procedure to extract ADC values from raw data and to calculate hit
positions on stations using ADC values.

7.4.1 Decoding

The EXCEL DAQ records data in a plain text file. The data format is described in Figure 7.13. By
decoding data blocks in four memory banks, ADC values of 512 VLPC channels in a AFEIIt-bard
are extracted. In the cosmic-ray test, eight AFEII-t boards are used, so that total channels are
4,096. TDC values were meaningless (not yet tested) in this test and not used for the analysis.
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V792N
name #/words | description
data 16 V792N data (chO - ch15)
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V792N data
AFE
name # [/words description
cassetteSize 1 #/cassettes (currently 4)
tempSize 1 #/temperatures (should be 8)
temperature tempSize Temperature (9.0 etc.)
heaterSize 1 #/heater values (should be 8)
heatervalue heatSize Heater value (100 etc.)
continue to the next cassette
VLSB
name # /words description
trigSize 1 #/triggers (currently, 1)
banki1Size 1 #/data (180, etc..)
bankldata bank1Size VLSB 32bit data
bank2Size 1
bank2data bank2Size
bank3Size 1
bank3data bank3Size
bank4Size 1
bank4data bank4Size
continue to the next trigger
31'30[29]25‘2?‘25‘25'2‘ 23!22 21 20|19‘18 17 16[15'1&‘13‘12‘11'10' a8 ‘ ¥ ‘ i} ‘ 5U-i | 3 ‘ E“ 1|0
Counter ‘ c || pataFiag Pairi Pair0 5

VLSB data

Figure 7.12: (Top) Event structure of the V792N. Sixteen of V792N data (32 bits) are followed in
series. (Middle) Event structure of the AFE. Following the number of cassettes, the data blocks
of the cassette are followed in series. The format of the data block is shown. (Bottom) Event
structure of the VLSB. Following the number of triggers, the data blocks of the trigger data are
followed in series. The format of the trigger data is shown.
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Header
Data structure #/boards
Header Board description 1
Event 1
Board description M
Event 2
Event structure
Events per readout
Event N Board 1
Board M

Figure 7.13: Data structure written by the Excel based DAQ in text file. Data is composed of a
header and event structures. In the header, number of boards (8 in this test) and board descriptions
as many as number of boards are written. In a board description, AFEIIt board id, VLPC cassette
number, remote terminal (location of slot in back plane) and VLSB board id are written. In a event
structure, events per readout (always 1) and board structures are written. In a board structure,
block size (always -1), register map (as well as board id and bank data size) and VLSB bank data

Board structure

Block size

Register map

Bank1

Bank2|Bank3

Bank4

are written. The structure of VLSB bank data is the same one described in Figure.
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7.4.2 Calculating light-yield

In order to remove common mode noise on Trip-chips (16 channels), average of raw ADC values of
12 channels (except for two high and two low ADCs’ channels) are subtracted from 16 channels. The
pedestal was then estimated by the mean of ADC values subtracted by common mode. Dividing the
pedestal subtracted ADC values by the gains (ADC counts per one photo-electron), the light-yields
are estimated. VLPC gains are determined by LED data as described in Section xxx.

7.4.3 Converting VLPC channel number to fiber number
VLPC channels are converted to fiber number on stations using following mapping information.

(1) VLPC channel to fiber number on DO connector First step is to convert VLPC channel numbers
into fiber number of DO connector and connector’s number. 64 VLPC channels on left-hand
AFEIIt board and 64 VLPC channels on right-hand AFEIIt board are connected with one
DO optical connectors via light-guides. Figure 7.14 shows this connection.

(2) DO connector to external light-guide number Second step is to convert DO connector numbers
into external light-guide numbers. There are eight D0 connectors in each cassettes and there
are two cassettes in a cryostat. Table 7.15 shows the connections for Tracker No.1 and Tracker
No.2.

(3) External light-guide number to internal light-guide number Third step is to convert external
light-guide number to internal light-guide number. External light-guides are attached with
internal light-guides at the patch panel. In both trackers, external light-guides were attached
with internal light-guides of the same number.

(4) Internal light-guide connector to Station connector Fourth step is to convert connector numbers
of internal light-guides into Station connector numbers. Five internal light-guides are attached
with one station in defined locations as shown in Figure 6.1. Table 7.16 shows the connections
for Tracker No.1 and Tracker No.2.

(5) Station connector to fiber number in view Last step is to convert fiber numbers of internal light-
guides into fiber numbers of views. The fiber numbers of views are assigned in anticlockwise
rotation from C1 to C30 station connector in Figure 6.1.

7.4.4 Finding hits

Hits are defined as fibers whose light-yields (with clustering applied) are greater than 2.5 photo-
electors in this analysis.

Clustering is applied by adding the light-yield on the adjacent channel, which is effective when
a charged particle passes through two fibers, each are connected with adjacent channels, and each
deposit energies are both below the threshold.

7.4.5 Finding triplets

Triplets hit positions are determined by the hit fibers on the three views which are geometrically
overlapped. The hit positions of triplets (24, yiri) are defined by;

Tpri = (Ty + T4) /2, and (7.1)
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VLPC channels on DO connector

30 29 31 32 || 34 33 35 36 | UP
27 28 26 25 || 41 38 37 39
22 21 23 24 || 40 43 44 42
19 20 18 17 || 47 48 46 45
14 13 15 16 || 50 49 51 52
11 12 10 9 ||57 54 53 55
6 5 7 8 ||s6 59 60 58
RHB|| 3 4 2 1 |64 63 62 61 |/LHB
61 62 63 64 || 1 2 4

58 60 59 56 || 8 7 5

55 53 54 57 || 9 10 12 11
52 51 49 50 (|16 15 13 14
45 46 48 47 |[17 18 20 19
42 44 43 40 || 24 23 21 22
39 37 38 41 || 25 26 28 27

36 35 33 34 || 32 31 29 30
Down

Figure 7.14: Arrangement of VLPC channels on D0 connector viewed from surface of an external
light-guide. 64 (4x16) in the left square box are read out by left-hand board (RHB) and 64 channels
in the right square box are read out by left-hand board (LHB).

Tracker No.1 Tracker No.2
107 1 10 101 1 --- 109 1 48 102 1 37
107 2 18 101 2 --- 109 2 --- 102 2 ---
107 3 6 101 3 25 109 3 57 102 3 36
107 4 16 101 4 35 109 4 60 102 4 52
107 5 21 101 5 22 109 5 47 102 5 ---
107 6 24 101 6 7 109 6 50 102 6 46
107 7 27 101 7 9 109 7 55 102 7 45
107 8 17 101 8 8 109 8 --- 102 8 56
111 1 --- 103 1 --- 104 1 49 110 1 ---
111 2 --- 103 2 --- 104 2 54 110 2 58
111 3 --- 103 3 30 104 3 53 110 3 41
111 4 19 103 4 20 104 4 44 110 4 51
111 5 32 103 5 33 104 5 40 110 5 59
111 6 34 103 6 28 104 6 --- 110 6 38
111 7 26 103 7 23 104 7 42 110 7 39
111 8 31 103 8 29 104 8 43 110 8 ---

Figure 7.15: Connection table of external light-guides with D0 connectors on the cassettes. Left
two boxes are for Tracker No.l and right-hand two boxes are for Tracker No.2. First column is
cassette number, second column is location of DO connector and third column is external light-guide
number
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Tracker No.1

Station1 Station2 Station3 Station4 Station5
Bulkhead 1 26 31 21 16 10
Bulkhead 2 |27 32 22 17 8
Bulkhead 3 |28 33 23 18 6
Bulkhead 4 |29 34 24 19 7
Bulkhead 5 |30 35 25 20 9
Tracker No.2

Station1 Station2 Station3 Station4 Station5
Bulkhead 1 56 51 46 41 36
Bulkhead 2 |57 52 47 42 37
Bulkhead 3 |58 53 48 43 38
Bulkhead 4 |59 54 49 44 39
Bulkhead 5 |60 55 50 45 40

Figure 7.16: Connection table of internal light-guides with station connectors for Tracker No.1 and
No.2. Bulkhead number in the first column corresponds to the location in the station defined in

Figure 6.1. Six optical connectors of internal light-guides are attached with station connectors in
defined order.
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Ytri = Yo = Yw (72)

, where X, Ty, Yy, Y are defined as follows.

Ty = (Yo — vais/ cos(0y))/ tan(y), and (7.4)
Ty = (Yo — wais/ cos(0y))/ tan(6y,), and (7.5)
Vais = Pe(fo — fuo), and (7.6)
Tdis = Pe(fz — fz0), and (7.7)
Wdis = Pe(fuw — fwo) (7.8)

where vg;s, Tgis and wg;s are distances from center fibers in their views. f,, fz, and f,, are the hit
fiber numbers and f,o, fr0 and f,0 are the center fibers of the V, X and W views. 6, and 6, are
rotational angles of the V and W view with respect to the X view. p. is pitch of channel (1494.5
pm), which is 3.5 times of py fiber pitch (427 pm).

If views are aligned at designed positions and angles, distance between x,, and ., Az, is;

ATy :pc(fv+fx+fw)_pc(fv0+f:c0+fw0) (79)

If thickness of fiber is not considered, triplet is identified when Ax,,, equals 0. If thickness of fiber
is considered, triplet has multi-peak on Az, as shown in Figure 7.17.

The measured distribution of Az, for Tracker No.1 and No.2 are shown in Figure 7.18. By
Figure 7.18, triplets on each stations are identified.

In all stations except for Station No.5 of Tracker No.1, similar distributions to the plot of -3py
in Figure 7.17) are seen. It is considered that one of views in Station No.5 of Tracker No.l are
glued off by about one channel or so. The position of views are corrected in the next step.

7.4.6 Correcting misalignments

Misalignments of views and stations are corrected in the way as described below. Here two coor-
dinates are defined as follows.

Station coordinate

Station coordinate is a two dimensional (x-y) coordinate, where origin is defined by the intersection
of the center fiber of V and X view, which is 106. Y axis corresponds to the center fiber of the X
view and X axis is vertical to the Y axis.

In the station coordinate, rotational angles of V. and W view with respect to X view (6,,60,,) are
corrected for five stations.

Tracker coordinate

Tracker coordinate is three dimensional (x-y-z) coordinate. X-Y coordinate in the tracker coordinate
is defined by Station No.l. Z axis is defined by the vector between two origins of the outermost
stations No.1 and No.5.

In the tracker coordinate, origins of middle three stations (220, Y20, €30, Y30, €40, Y40) and rotational
angles of four stations, No.2, No.3, No.4 and No.5 (6, 03,04,05) with respect to Station No.1 are
corrected.
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-4 Pf -3 Pf -2 Pf

ok
N

-2 Pc -2 0 2 Pc -2 0 2 Pc

-1 Pf 0 Pf 1 Pf

oF
N

-2 Pc -2 0 2 Pc -2 0 2 Pc
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-2 0 2 Pc -2 0 2 Pc -2 0 2 Pc

Figure 7.17: Expected Ax,,, distributions by simulation with different positions of center fiber of
X view. Displacement of X view is shown on top of each plot.
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Figure 7.18: Measured Ax,,, distributions at Tracker No.1 (left) and No.2 (right).
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7.4.6.1 Correcting misalignments of views

Considering the rotational misalignment of V and W view, dv and dw with respect to X view in
unit of radian, equation 7.9 changes to;

dw

Ay = Ao + fol—=d ——dw)+fvf o

3" V3
where Ax!, is Ay, after the correction.

Measured Az, as a function of fiber number for Tracker No.1 is shown in Figure 7.19. Station
No.1, No.2 and No.5 are corrected. The best angles of V and W views were searched to change
angles in 0.1 degree steps until no correlation is found. Az, for Tracker No.l is shown in Figure
7.19.

Measured Az, as a function of fiber number for Tracker No.2 is shown in Figure 7.20. No
correction is made for Tracker No.2.

The correction parameters on views for Tracker No.1 and No.2 are summarized in Table 7.1.

(7.10)

Tracker Station V (deg) W (deg)

1 1 239.9 120.0
1 2 240.1 120.1
1 3 240.0 120.0
1 4 240.0 120.0
1 ) 239.8 119.8
2 1 240.0 120.0
2 2 240.0 120.0
2 3 240.0 120.0
2 4 240.0 120.0
2 ) 240.0 120.0

Table 7.1: Correction parameters on views for Tracker No.1 and No.2

7.4.6.2 Correcting misalignments of stations

Corrections of stations are independently made by checking residuals between hit position and
interpolated position at middle three stations. The interpolated position is estimated from linear
tracks made by two hit position at station No.1 and No.5.

The x, y residuals at the station number i, (Axz;, Ay;) have relationship with rotation angles
and x, y offsets of stations as follows;

Azi = (y2 — yio)02 — a(ys — y50)05 (7.11)

Ay; = (x2 — mjo)02 — a5 — x50)05 (7.12)

Azs = (Y5 — y50)05 — B(yi — yio)bs (7.13)

Ay5 = (%5 - $50)95 - ,8(.732 - sz)gz (714)
_ Z5— z1

o= (7.15)

g=2=2 (7.16)
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Figure 7.19: Measured Az, (top) and corrected Az,,, (bottom) for Tracker No.1. Alignments of
Station No.1, No.2 and No.5 are corrected.
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Tracker2
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Figure 7.20: Measured Awx,,, distribution for Tracker No.2. No correction is made for Tracker No.2.



7.5. PERFORMANCE 107

, where ¢ is station number of either 2, 3 or 4 and x;0 and y,o are x, y offsets of the station number
i.

The best angles are firstly searched in 0.1 degree steps until no correlations are found, and then
the x, y offsets are calculated. The measured and corrected residuals as a function of hit position
for Tracker No.1 and No.2 are shown in Figure 7.21 and Figure 7.22, respectively. The station
offsets and angles thus determined are summarized in Table 7.2.

Tracker Station zp (mm) yo (mm) 6 (deg)

1 1 0 0 0

1 2 0.43 -0.61 -0.2
1 3 0.28 -1.43 -0.2
1 4 0.34 -1.94 -0.2
1 ) 0 0 0.0
2 1 0 0 0

2 2 0.11 -0.68 0.1
2 3 -0.01 -0.90 0.2
2 4 -0.01 -0.33 0.2
2 ) 0 0 0.2

Table 7.2: Correction parameters on stations for Tracker No.1 and No.2

7.5 Performance

Once misalignments of views and stations are corrected, alignments of fibers are checked by compar-
ing residuals with these estimated by Monte-Carlo simulation. Hit efficiencies and triplet efficiencies
are examined for all the views of all the stations.

7.5.1 Alignment

To calculate positions at a station under test, linear tracks are made using hit positions on four
stations except for the station under test. The offset and tilt of linear tracks are determined in a
way that residuals become minimum, then residuals are calculated by subtracting hit positions and
interpolating (extrapolating) positions.

Following expected resolutions calculated by Monte-Carlo simulation are described, measured
residuals at Tracker No.1 and No.2 are explained.

7.5.1.1 Residuals expected by Monte-Carlo simulation

If interpolated (extrapolated) positions (referred to as fitted position) has no errors, residuals of
x and y hit position are expected as shown in Figure 7.23. But linear tracks are made from hit
positions which are digitized by channel pitch, p., there are some resolutions on fitted positions. To
estimate these resolutions, residuals of interpolated (extrapolated) positions and true hit position
at five stations are examined as shown in Figure 7.24. Increase of errors on fitted position are seen
at the outermost station No.1 and No.5. Expected residual distributions to be compared with data
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Figure 7.21: Measured Az(y); vs y(z); (top) and corrected Az(y); vs y(z); (bottom) for Tracker
No.1.
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Figure 7.22: Measured Az(y); vs y(z); (top) and corrected Az(y); vs y(z); (bottom) for Tracker
No.2.
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at five stations are shown in Figure 7.25. Expected RMS (Sigma) of residuals are summarized at
"Res’ column in Table 7.3.

Mean -0.002449

StationX RMS 0.3633

mm
) Mean 0.04445
StationY RMS 0.4328

5 4 3 -2

Figure 7.23: Residuals of hit positions calculated from fiber number and true hit position for X
axis (top) and Y axis(bottom).

7.5.1.2 Residuals measured by cosmic-ray data

Measured residual distribution at five stations of Tracker No.1 and No.2 are shown in Figure 7.26.
Measured sigmas of residuals are summarized with expectations from simulations in Table 7.4.
Measured alignments have agreements with results by simulations within about 50 um for both
trackers.

7.5.2 Efficiency

Hit efficiency of individual fibers are examined. Test fiber is searched around the fitted position
and identified by the fiber whose light-yield is maximum in searched fibers. Hit fibers and these
light-yield distributions on views are shown in Figure 7.27 and Figure 7.29, respectively. The small
light-yields found at X view of Station No.5 is discussed in the next section 7.6.

Measured hit efficiency as a function of fiber number for Tracker No.1 and No.2 are shown in
Figure 7.28. Measured hit efficiencies averaged in each views are summarized in Table 7.5. In this
calculation, fibers in the middle region of the station (fiber number from 30 to 180) are used.
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Figure 7.25: Residuals of interpolated (extrapolated) positions and hit position calculated from
fiber number.
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Station(X/Y) Hit (mm) Fit (mm)  Res (mm)
1X 0.363 0.457 0.573 (0.587)
2X 0.363 0.269 0.436 (0.460)
3X 0.363 0.256 0.424 (0.457)
4X 0.363 0.286  0.444 (0.471)
5X 0.363 0.622 0.707 (0.720)
1Y 0.433 0.520 0.675 (0.679)
2Y 0.433 0.307 0.528 (0.516)
3Y 0.433 0.273  0.511 (0.544)
4Y 0.433 0.314 0.535 (0.534)
5Y 0.433 0.713 0.837 (0.841)

CHAPTER 7. STUDY OF PERFORMANCE OF SCIFI TRACKERS

Table 7.3: Expected RMS of hit, fitted and residuals at five stations. The numbers in parentheses
are sigmas fitted with Gaussian function.

Table 7.4: Measure sigmas of residuals at five stations for Tracker No.1 and No.2. In the third

Station(X/Y) Otrackerl (mm) Otracker2 (mm) oMC (mm)
1X 0.662 0.644 0.587
2X 0.498 0.488 0.460
3X 0.493 0.489 0.457
4X 0.506 0.499 0.471
5X 0.816 0.795 0.720
1Y 0.744 0.733 0.679
2Y 0.550 0.530 0.516
3Y 0.558 0.548 0.544
4Y 0.573 0.573 0.534
5Y 0.909 0.887 0.841

column, sigma of residuals expected by simulation are shown.
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Figure 7.26: Measured residual distributions at Tracker No.1 (top) and No.2 (bottom). Data (red

color with error bars) is superimposed with Monte-Carlo simulation (black histograms).
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Triplet efficiencies are calculated by the ratio of the number of triggers where triplets are found
to the total number of triggers. In triplets, fractions of triplets on track (defined as triplets whose
residuals are within 5mm in this study) are shown in ’On track’ column in Table 7.5. It is found
that some of triplets are not on track, which is considered that these triplets are made by different
cosmic-rays, that is, one cosmic-ray pass through top trigger counter without passing through
bottom counter and the other cosmic-ray is the opposite case of this. Note that the fraction of fake
triplets caused by VLPC noise is expected as to be less than 0.01%, which is the expectation from
a pedestal run.

Tracking efficiency is estimated by multiplying the triplet efficiencies (on track) of five stations.
Tracking efficiency results in 91% for Tracker No.1 and 94% for Tracker No.2.

Tracker Station HitV HitX HitW Triplet On track

1 1 0.997 0.998 0.997  0.992 0.978
1 2 0.994 0.997 0.987  0.980 0.948
1 3 0.992 0.992 0.992 0.976 0.965
1 4 0.996 0.994 0.998 0.989 0.981
1 ) 0.998 0.982 0.995 0.973 0.965
2 1 0.998 0.994 0.999 0.991 0.982
2 2 0.998 0.998 0.996 0.993 0.983
2 3 0.998 0.999 0.999 0.997 0.986
2 4 0.998 0.997 0.999 0.995 0.987
2 ) 0.996 0.997 0.990 0.984 0.972

Table 7.5: Measured efficiencies at Tracker No.1 and No.2.

7.6 Discussion

Small light-yields are found at the X views on the Station No.5 of the Tracker No.1 (Figure 7.29).
These affects the hit efficiency to be reduced by about 1% (Table 7.5), which is a small effect.

The distribution amount of the Light-yields distribution are made in terms of external light-
guide number (Figure 7.30). Small light-yields (a peak is less than 10 photo-electrons) are seen at
No.21, No.42 and No.52 as well as No.6.

Profile plots to examine the correlation between fiber number of light-guide and AFEIIt board
used for the read-out are shown in Figure 7.31. It is turned out that light-guides No.21 and No.52
have correlation with AFEIIt board, and No.6 and No.42 have no correlation with board. The
former suggests that the problem is on the board, not on the light-guides, while the latter suggests
that the problem is on the light-guide or the board.

The problem can be investigated by swapping external light guides with others and checking
the light-yields. In any cases, it can be solved by using spare external light-guides or using spare
slots (DO warm end).
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Figure 7.27: Hit fiber distributions for all the views measured at Tracker No.l (top) and No.2
(bottom). Fibers connected with VLPC dead channels are indicated by the red arrows.
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Figure 7.28: The distributions of hit efficiencies for all the views measured at Tracker No.l (top)
and No.2 (bottom). Fibers in hatched region are not included in the calculation of efficiency due
to small statistics. Fibers connected with VLPC dead channels are indicated by the red arrows.
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Figure 7.29: Light yields distributions of hit fibers for all the views measured at Tracker No.1 (top)
and No.2 (bottom). The red histograms correspond to the ADC-saturated events.
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Figure 7.30: Light-yield distributions of hit fibers in terms of the light guide numbers used for
Tracker No.1 (top) and No.2 (bottom). Red histograms correspond to the ADC-saturated events.
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Figure 7.31: Light-yield distributions of hit fibers in terms of the light guide numbers used for
Tracker No.1 (top) and No.2 (bottom). Red histograms correspond to the ADC-saturated events.
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Light-guide number Tracker Station View

6 1 ) X
21 1 3 A%
42 2 4 v
52 2 2 v

Table 7.6: Connection of light-guide number to view where small light-yields are found.



Chapter 8

Discussion

8.1 Effects on misalignments

Effects on emittance measurements due to misalignments are studied using muon beams of average
energy 200 MeV/c. Initial emittance of about 5 mm-pi are generated by passing through a lead
plate of 15mm thickness. Emittance is calculated by reconstructing 100k muons in the method
described in the section 5.4.4.

Firstly, effects are investigated with trackers that have the same amount of misalignments found
at the Tracker No.1 or No.2. Differences of reconstructed emittance with and without applying
these misalignments are calculated. As the result, the differences becomes about 1% (0.6 %) at the
Tracker No.1 (No.2), which exceeds the requirement of the emittance measurement. Therefore, the
alignment calibrations described in chapter 7 are important for measuring emittance with precisions
required at the MICE.

Finally, effects of small misalignments that could be remained after the correction are examined.
As misalignment, three kinds of components are considered as as follows.

1. Translation by 50 pm in x-axis
2. Rotation by 0.1 degrees in x-y space

3. Angle of z-axis between a tracker and a magnetic-filed by 0.05 degrees

Using these components, 16 patterns are examined as follows.

| Ttem [O]1]2[3]4[5]6]7[8]9[10[11]12][13][14[15]16 ]

Station 1 T T| T | A A|lA|Z | Z
Station 2 T A

Station 3 T A

Station 4 T A

Station 5 T|T]|-T A|A|-A|7Z]|-Z

Table 8.1: Possible misalignmets after the correction. T(-T) denotes a translation of a station by
50 (-50) pm in the x-axis. A(-A) denotes an angular misalignment of a station by 0.1 ° (-0.1 °)
in the x-y space. Z(-Z) denotes an angular misalignment of the z-axis between a tracker and a
magnetic-field by 0.05°.

121
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Emittance shifts found at each items are shown in Figure 8.1. For all of the items, effects on
the emittance measurements are less than 0.05 %.

Mean and RMS of position and momentum residuals at each items are shown in Figure 8.2.
The mis-alignments of a tracker z-axis tilting by 0.1 degrees (15 and 16) could be observable as
shown in Figure 8.1, therefore this effects can be reduced by adjusting tracker axis in software.

0.015[
07| R W N B
0,005

008
Y V1 M — S— S S S A— S— —

_0.015 | | | | 11 | | | 11 | 11 1 | | 11 | | | | | 11 | | 1 11 | 11 1

Figure 8.1: Emittance differences examined at several sets up of misalignments using four of 100k
muons samples. Horizontal axis shows item numbers indicating different kinds of misalignments.
Item number 0 indicates the result of perfectly aligned tracker. Descriptions of the item numbers
are explained in Table 8.1. Vertical axis shows the ratio of the emittance changes at each case to
that perfectly aligned case. Emittance changes are expected to be less than 0.5 % for the possible
misalignments

8.2 Status and schedule of MICE SciFi Tracker

As of January 2010, MICE SciFi tracker No.1 and No.2 are located at the Lab7 in the RAL to be
installed to the spectrometer magnets. The magnets are being tested for their cooling performances
which is expected to take few months (Figure 8.4). Until the time of the installation, two trackers
will be tested to integrate DAQ for simultaneous readout of tracker No.1 and No.2.
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Figure 8.2: Plots showing the effects of misalignments with respect to chi-square (top), x, y positions
(second, third rows), and momentums (fourth, fifth rows). Left columns shows the mean and right
columns shows the RMS of each components.
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Figure 8.3: The Y residuals for misaligned of magnet axis by 0.1 degrees with respect to the tracker
axis (red histogram, correspond to the item No.15) is superimposed on that with good aligned case
(black histogram).
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Transfer line

Figure 8.4: Photograph showing that spectrometer magnets attached with cooling He tubes for
testing at the LBNL.



Chapter 9

Conclusion

Scintillating fiber tracker based on 350 pm diameter scintillating fibers have been developed for use
in MICE. This is the very challenging task and some techniques are needed to realize since there
are no trackers made with such a small diameter of scintillating fibers in the world. Upstream and
downstream SciFi trackers have been successfully constructed with the international collaboration
of UK, US and Japan by 2008. Both of the trackers have been tested with cosmic-rays at the RAL
by 2009, at which high tracking efficiencies more than 90 % are measured for both trackers. It is
also confirmed that by collecting the misalignments found in both trackers, the requirement on the
emittance measurement is achieved.
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